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ABSTRACT
Lactic acid fermented fruit and vegetables are normally obtained following a natural spontaneous fermentation in which no starter cultures are added.It could be expected that a suitable starter culture would help standardise production.Several lactic acid bacteria were selected for a series of physiological studies, in a defined medium (MRS broth) and in carrot juices, under varying conditions of growth temperature, salt concentration and carbohydrate source. Based on these, the homofermenter Lactobacillus pentosus and the heterofermenter Leuconostoc mesenteroid.es were tested as potential starters, in single and mixed cultures, for the fermentation of carrots {Daucus carota), as a novel fermentable substrate, and cabbage (Brasslca 
oleracea) into sauerkraut. Fermentations were performed in the presence of the natural microflora. Sugar catabolism and acid production were monitored throughH.P.L.C..
In the fermentation of carrots Leuconostoc 
mesenteroides played a major role, with no homofermenters present.For sauerkraut, the mixed starter culture composed of Leuconostoc mesenteroides and Lactobacillus pentosus gave the closest resemblance to the product normally obtained following a natural commercial fermentation. The inclusion of the heterofermenter provided the required acid balance for correct product flavour and aroma by enhancing production of acetic acid. Acetate is also a better antimicrobial than lactate. A shorter fermentation time was also obtained, reducing the time from 3-4 weeks in the natural fermentation to only 7 days with the use of the mixed starter.When reduced salt concentrations were tried, 1% NaCl (w/w) resembled the spontaneous fermentation more closely, in regard to microbial sequence, pH and total acidity. Different ratios of the two lactic acid bacteria in combination were tried, the best being that in which L. mesenteroides and L. pentosus were initially present in the same proportions.Survival of Listeria monocytogenes in fermenting sauerkraut was shorter when starter cultures were used, but no difference was detectable between mixed and single cultures.
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X . X N TR O ID U C TD IO lSr
I.l. FRUIT AND VEGETABLES: SUBSTRATES FOR LACTIC ACID 
FERMENTATION.
Fruit and vegetables are an important source of 
vitamins, minerals and fibre in the human diet (Birch 
et al., 1986). Vegetables and fruit provide about 90% 
of the vitamin C in an average British diet and make 
valuable contributions to the intake of carotene, 
thiamine, riboflavin, niacin, folic acid and other 
vitamins of the B group. They also supply important 
amounts of calcium, iron and many other essential 
mineral elements. Because of their relatively high 
content of unavailable carbohydrate or fibre - up to 
16% of the fresh weight in some tropical fruits - they 
provide an indigestible matrix which stimulates the 
activity of the intestine and helps to keep the 
intestinal muscles in working order (Duckworth, 1966).
Confusion often arises when the terms fruit and 
vegetable are used, as the botanical and popular 
definitions do not coincide in some cases.
In botany, fruits are the mature seed-bearing 
structures of the flowering plants, while popularly the 
term fruit is restricted to those botanical fruits 
which have fragrant aromatic flavours and that are 
either naturally sweet or are normally sweetened before 
being eaten, i.e. which are normally dessert items. The 
term vegetable, on the other hand, is applied to all 
the other soft edible plant products which are usually 
eaten with a meat, fish or other savoury dish, and 
which are commonly salted or at least are not sweet 
(Duckworth, 1966; McGee, 1984). The fruits of the 
Gramlneae (cereals), pulses (such as soya beans, the 
substrate for a number of important fermented foods), 
nuts and spice fruits are not included here. Neither
will be included those fruits or vegetables rich in 
starch, such as cassava {Manlhot utllislma or M. 
esculenta).
Cucumbers and olives are both fruits in a 
botanical sense, but are popularly considered to be 
vegetables.
1.1.1. Microflora of fresh fruit and vegetables.
The agricultural environment is exceedingly rich 
in microorganisms. The soil, for example, contains a 
wide microflora, while the vegetation itself and any 
dead or decaying plant material, harbour a further wide 
range of species. The external surfaces of plant 
structures therefore readily become contaminated with a 
rich and varied microflora, underground organs and 
those normally resting on or near to the surface of the 
soil being especially rich in soil-borne species, while 
tree-borne fruits are contaminated more readily with 
spores from infections on the surrounding vegetation. 
Given conditions suitable for their further 
development, these surface organisms may or may not be 
able to gain entry through the protective surface 
layers of the organ concerned. The most common route of 
entry into intact structures is through natural 
orifices such as stomata or lenticels, but some species 
appear to be capable of directly penetrating the 
cuticule, especially while the latter is still thin 
during its early stages of development (Duckworth, 
1966; Skovgaard, 1984).
Therefore, fresh fruits and vegetables contain a 
numerous and varied epiphytic microflora (bacteria, 
yeasts, moulds), including many potential spoilage 
microorganisms, as well as a small population of lactic
acid bacteria, the latter normally in the range of 10- 
1000 cells per gram, which represents approximately 
0.01-1.00 % of the total microbial population
(Buckenhuskes et al., 1986; Daeschel et al., 1987; 
Fleming, 1982; Pederson, 1971; Skovgaard, 1984).
The bacterial flora of the standing crop is 
different from that of harvested plants and fermented 
products, being dominated by Gram-negative species and 
Gram-positive spore-formers (Daeschel et al. , 1987). 
This number of bacteria increasedduring harvesting, 
transport and storage as a result of multiplication of 
microorganisms in warm, humid conditions due to more 
nutrients becoming available from the cellular 
components of ruptured tissue resulting from cutting, 
unintentional mechanical damage as well as equipment 
contamination (Duckworth, 1966; Fleming, 1982; Lund, 
1987).
The pH of fruit and vegetables will also influence 
the microbial load to be found: fruits normally are 
acid in nature, having values around pH 4.0 and over, 
while vegetables range from 4.5 to 7.0, most possessing 
pH values around neutrality. Moulds tend to dominate 
the spoilage of low pH and low water activity products, 
the mycoflora having been well reviewed elsewhere 
(Dennis, 1987; Duckworth, 1966; Jay, 1986; Orvin Mundt, 
1978; Splittstoesser, 1978).
The nitrate and nitrite content will also exert an 
influence over the microflora. Whereas the nitrate 
content ranges from 100-200 to 1,000-2,000 ppm, nitrite 
content is quite low, detectable in amounts of a few 
ppm (Skovgaard, 1984)
1.1.2. Preservation techniques used for fruit and
vegetables.
Fruit and vegetables, as with most foods, are 
susceptible to spoilage. A way of extending their 
shelf-life, giving the consumer a wider variety of 
flavours and aromas and at the same time making them 
safer for consumption, is of interest to the food 
industry.
Throughout history many different methods of 
manufacturing and/or preserving foods have been 
developed: salting, drying, fermenting, heating,
freezing, adding chemicals, controlling storage 
atmosphere or irradiation (Holdsworth, 1983). Among 
these, fermentation stands out as being one of the most 
ancient and still widely used techniques.
The terms fermentation and pickling are often used 
ambiguously •. According to the Longman Dictionary of 
Contemporary English (Procter, 1978), pickle stands 
for:
(i) a type of liquid (especially vinegar or
salted water) used to preserve meat or 
especially vegetables;
(ii) a (piece or pieces of) vegetable preserved 
in this;
(iii) 1) British English: (an) onion preserved in
this;
2) American English: (a) cucumber or gherkin 
preserved in this;
(iv) to preserve (food) in pickle.
A more scientific definition of both terms can be 
found in the Dictionary of Microbiology and Molecular 
Biology (Singleton & Sainsbury, 1989):
pickling is defined as "a traditional method of 
food preservation in which the pH is lowered either by 
direct addition of acid (e.g. vinegar, lactic acid) or 
by a lactic acid fermentation of the food";
lactic acid fermentation has the following 
definition: "a type of fermentation, carried out by
e.g. lactic acid bacteria, in which sugars (e.g. 
fructose, glucose, pentoses) are converted either 
entirely (or almost entirely) to lactic acid 
(homolactic fermentation) or to a mixture of lactic 
acid and other products (heterolactic fermentation)".
Throughout the present thesis, the term pickle 
will be used to refer to fruit and vegetables preserved 
in vinegar or salted water without undergoing lactic 
acid fermentation, while the term fermented will be 
used for fruit and vegetables which have undergone 
partial or full lactic acid fermentation.
1.1.3 Lactic acid fermented fruit and vegetables.
Practically all fruit and vegetables can be 
fermented. A list of those commodities which are known, 
together with their local name in parentheses, if 
known, is presented (Table 1). More detailed lists can 
be found elsewhere (Beuchat, 1983; Campbell-Platt, 
1987; Fleming, 1982; Pederson, 1979; Rose, 1982; 
Steinkraus, 1983b).
In addition to those listed, there is a large 
variety of products which contain a mixture of 
ingredients, in which fruit and/or vegetables are one 
of the main ingredients, e.g. baechoo-kimchi (Korea), 
which contains green onion, hot pepper and ginger, 
besides the main ingredient, cabbage; hishiho miso 
(Japan), where together with soya beans several 
vegetables are added; dua moi (Vietnam), onion plus 
field cabbage (Brassica campestrls) gundruk (Nepal), a 
mixture of mustard leaves, cabbage and cauliflower; 
kakdugi (kimchi - Korea ), a mixture of radish and 
green onion; atchara (Philippines), papaya and onions 
the main ingredients (Saono et al., 1986)
Table 1. Selective bibliography of fruit and
vegetable raw materials preserved by lactic acid
fermentation.
Raw material References
Bamboo shoot 
Bambusa spp.
Steinkraus, 1983b
Banana
Musa saplentum
Tamang et al., 1988
Beetroot 
Beta vulgaris
Andersson, 1984, 1988 
Buckenhuskes et al., 
1984, 1986
Fleming et al., 1983
Belimbing
Averroa blllmbl Linn,
Steinkraus, 1983b
Breadfruit 
Artocarpus communis
Whitney, 1988 
Cox, 1980
Cabbage
Brassica oleracea 
B. juncea var. rugosa 
(sauerkraut)
(kimchi)
(sayur asin - Indonesia -)
Buckenhuskes & Gierschner 
1985
Buckenhuskes et al., 1986 
1987b
Gierschner & Buckenhuskes 
1983
Gierschner et al., 1982 
Lee, 1984, 1986 
Pederson, 1930a,b, 1960 
Pederson & Albury, 1969 
Steinkraus, 1983b 
Vaughn, 1982, 1985
Table 1 (continued). Selective bibliography of
fruit and vegetable raw materials preserved by
lactic acid fermentation.
Carrot
Daucus carota
Andersson, 1984, 1985, 
1988
Andersson et al., 1983 
Bates, 1977;
Bates et al., 1971 
Fleming et al., 1983 
Niketic-Aleksic et al., 
1973
Stamer, 1974 
Steinkraus, 1983b
Cauliflower Brassica 
oleracea var, botrytls
Fernàndez-Diez et al., 
1979
Pederson, 1971 
Steinkraus, 1983b 
Tamang et al., 1988
Celery
Apium graveolens
Bates, 1977
Chermai
Eugenia michelii 
(L ) Merr
Steinkraus, 1983b
Chili
Capsicium annuum 
(pimientos)
Fernéndez-Diez et al., 
1979,
Steinkraus, 1983b
Citron
Citron medlca
Campbell-Platt, 1987
Table 1 (continued). Selective bibliography of
fruit and vegetable raw materials preserved by
lactic acid fermentation.
Cucumber 
Cucumis satlvus 
(oiji - Korea )
Buescher et al.,
1988
Daeschel et al., 1988 
Fernàndez-Diez et al., 
1979
Fleming, 1984, et al., 
1983, 1988
McFeeters et al., 1982 
Stamer, 1983, 1988 
Steinbuch et al., 1987 
Steinkraus, 1983a, 1983b
Durian fruit 
Durio zibethinus 
(tempoyak)
Steinkraus, 1983b
Ginger
Zingiber zerumbet
Steinkraus, 1983b
Green bean 
Phaseolus sp.
Chen et al., 1983a,198 b 
Fleming et al., 1983
Kedondong
Spondias cytherea Sonn,
Steinkraus, 1983b
Leek
Allium sp.
Steinkraus, 1983b
Lime
Citrus aurantifolia 
Swingle (lunu dehi)
Saono et al., 1986 
Steinkraus, 1983b
Table 1 (continued). Selective bibliography of
fruit and vegetable raw materials preserved by
lactic acid fermentation.
Mango (Pico variety) Saono et al., 1985
Mangifera sp. Steinkraus, 1983b
(burong mangga - Philippines -)
Mustard leaf 
Brassica spp.
Steinkraus, 1983b
Nutmeg
Myristlca fragance
Steinkraus, 1983b
Olive
Olea europea
Etchells et al. 1966 
Fernàndez-Diez, 1983 
Steinkraus, 1983b
Onion
Allium cepa/
A. ascalonicum Linn,
Buckenhuskes et al., 
1987b
Fernàndez-Diez et al., 
1979
Steinkraus, 1983a, 1983b
Papaya
Carlca papaya
Steinkraus, 1983b
Peppers 
Piper spp
Chao, 1949
Fleming et al., 1983 
Steinkraus, 1983b
Pineapple 
Ananas sp
Steinkraus, 1983b
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Table 1 (continued). Selective bibliography of
fruit and vegetable raw materials preserved by
lactic acid fermentation.
Radish
Raphanus satlvus L. 
(Dongchimi, kimchi) 
(takuan-zuke - Japan - )
Bates, 1977;
Bates et al., 1971 
Hashimoto et al., 1988 
Saono et al., 1986 
Tamang et al., 1988
Tamarind
Tamarindus indica
Suzuki et al., 1987
Tomato
Solanum hycopersicum
Etchells et al. 1947 
Fleming et al., 1983 
Pederson, 1971 
Stamer, 1974
Turnip
Brassica rapa 
(paw-tsay)
Andersson, 1988 
Chao, 1949
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1.1.4. Handling of fruit and vegetables for
lactic acid fermentation.
Depending on the commodity to be fermented as well 
as the means available, each commodity will be handled 
in a different way prior to fermentation, although some 
steps can be considered equivalent.
In industrial production, after harvesting, the 
fruit or vegetable is taken to the manufacturing plant 
where, on arrival,ôtis graded according to size, 
maturity, etc. Next may come a series of mechanical 
processes (cutting, shredding) as is done for white 
cabbage, although most fruit and vegetables are 
normally brined whole. In some cases, as with Spanish- 
type green olives, a chemical process is taken in 
which they are treated with a sodium hydroxide solution 
to eliminate the glycoside oleuropein (Fernàndez-Diez, 
1983). This is followed by a presalting treatment after 
which the commodity is placed in the fermentation tank 
where further salting takes place in the form of brine 
or dry salt. The tank, which may vary from less than 
1000 to over 10000 litres and may be made of wood, 
concrete, fiberglass or plastic (Fleming, 1982), is 
then sealed so that no air can disturb the ongoing of 
the fermentation. The fermentation then ensues for a 
varying length of time depending on the commodity. 
Storage of the fermented product follows and further 
processing can be undertaken in some cases before 
marketing and consumption.
Several procedures have been described for a more 
effective fermentation of cucumbers (Fleming et al.,
1988) and sauerkraut (Gierschner & Buckenhuskes, 1986; 
Gierschner et al., 1982).
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Nowadays, pure starter cultures are used with some 
products, to attain better control of the fermentation; 
this is the case with cucumbers. But normally, the 
fermentation relies on the natural lactic acid bacteria 
present on the commodity at the time of tanking. This 
is in distinct contrast with fermentation in brewing 
and dairy industry.
Unlike liquid foods and beverages, no economically 
effective method has been found to remove or inactivate 
completely the naturally-occurring microflora on fruit 
and vegetables prior to fermentation. Heating has been 
used on a limited scale (Chen et al., 1983b; Engelland, 
1962; Etchells et al., 1964, 1966; Fleming et al.,
1983) but it has not been considered practical 
for large quantities of produce as it is expensive 
and it changes the flavour and other characteristics of 
the product. Irradiation (Andersson, 1985; Etchells et 
al., 1964) or chemical procedures (Chao, 1949; 
Etchells et al., 1966) have also been ruled out. 
Methods such as washing, chlorination and acidification 
will reduce numbers, but this effect may be limited 
(Adams et al., 1990), Besides, if a method of killing 
the products' microflora was available, the 
fermentation would not be necessary.
For these reasons it is important to understand 
the ecology of natural fermentations in order to 
appreciate and perhaps develop controlled fermentation 
methods for fruit and vegetables.
13
1.1,5. Microbiology of fruit and vegetable
fermentations.
Fruit and vegetables are not normally washed in 
commercial brining operations and contain the 
indigenous microflora when brined (Daeschel & Fleming,
1984).
When fruit and vegetables are properly fermented, 
the brine solution (added as such or resulting from the 
effect of dry salt extracting liquid from the plant 
tissues) supports the growth of a sequence of 
microorganisms, different depending on the commodity.
Fleming (1982) has distinguished the following 
four stages: in a first stage, growth occurs of many of 
the facultative and strictly anaerobic microorganisms 
originally present on the fresh material. But as lactic 
acid bacteria become established, the pH value is 
lowered and growth of undesirable microorganisms such 
as Gram-negative and spore-forming bacteria is 
inhibited; the rapidity at which it occurs influences 
the quality of the final product.
Next, lactic acid bacteria and, on occasions, 
fermentative yeasts become predominant. They grow in 
the brine until fermentable carbohydrates are exhausted 
or until the lactic acid bacteria are inhibited by low 
pH values and the build up of lactic and acetic acids.
A third stage would be caused by fermentative 
yeasts which, if they are acid tolerant and if 
fermentable sugars remain in the system, continue to 
grow until all fermentable sugars are used up.
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Final ly, if the fermentation tank is not 
appropriately closed to air, oxidative moulds, yeasts 
and ultimately spoilage bacteria, may become 
established in the surface. No surface growth occurs in 
properly managed tanks where the surface is anaerobic.
These stages have actually been named as 
initiation, primary fermentation, secondary 
fermentation and post-fermentation (Fleming, 1982). The 
chemical and physical environment during fermentation 
and storage together with the properties of the 
specific commodity determine the type and extent of 
microbial growth and the rapidity of transition 
between stages.
I.1.5.1. Lactic acid bacteria,
Pederson (1930a) was the first to mention that 
more than one species of lactic acid bacteria is 
responsible for vegetable fermentation, "... species 
which follow each other in the fermentation in a more 
or less definite sequence, each having its effect on 
the final fermented product".
The lactic acid bacteria that predominate during 
initiation and primary fermentation of brined 
vegetables include Enterococcus faecalis, Leuconostoc 
mesenteroides, Lactobacillus brevis, Pediococcus 
pentosaceus (formerly P. cerevisiae) and Lactobacillus 
plantarum (Daeschel & Fleming, 1984; Etchells et al., 
1975; Pederson, 1950; Pederson SAlbury,1969 ; Saono et 
al., 1986; Vaughn, 1975). The species are listed in 
the order of their ability to produce and tolerate high 
acid levels and in their order of appearance during 
sauerkraut fermentation (Pederson & Albury, 1969).
15
However, only the last three species appear to 
grow to any extent in olives and cucumbers, apparently 
due to the higher brine strengths used for these 
products (Etchells et al., 1975; Vaughn, 1975). In 
kimchi, L. mesenteroides is the microorganism 
responsible for attaining the desired characteristics. 
L. plantarum, although present, may deteriorate the 
final product if fermentation is allowed to proceed too 
long (Lee, 1986). Some other species have been 
described in a few commodities (Saono et al., 1986; 
Steinkraus, 1983b).
The precise factors that govern the sequential 
growth of lactic acid bacteria are not known, but 
initial population size, growth rate in the brine 
solution and limiting pH values seem to be major 
determinants.
I.2.5.2. Yeasts.
Yeasts are probably active in most vegetable 
fermentations (Chao, 1949; Fleming, 1982; Pederson, 
1971; Suzuki et al., 1987).
Fermentative (subsurface) yeasts grow throughout 
the fermentation of cucumbers and olives during the 
primary and secondary stages, until all fermentable 
carbohydrates are exhausted. Fermentative yeasts 
apparently are not found in high numbers during 
sauerkraut fermentations. A partial explanation is that 
the low concentration of salt used favours a primary 
fermentation predominated by lactic acid bacteria.
Depending on the commodity, different species are 
found, the main genera described being Brettanomyces, 
Hansenula, Rhodotorula, Torulopsls, Saccharomyces and 
Candida (Fleming, 1982; Stamer, 1983).
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Oxidative (surface or film) yeasts are able to 
utilise lactic acid and lower the brine acidity to 
allow other spoilage microorganisms to grow. Decrease 
of brine acidity by these yeasts is limited to aerobic 
conditions as they are unable to utilise organic acids 
under anaerobic conditions. Besides the destruction of 
the lactic acid, their ability to hydrolyse pectic 
material, proteins and lipids results in undesirable 
flavours and texture changes. Increase in pH allows 
less acid tolerant spoilage organisms to grow. Among 
the genera cited in the literature the main ones are: 
Debaryomyces, Endomycopsls, Zygosaccharomyces, 
Saccharomyces, Candida and Plchla (Fleming, 1982; 
Pederson, 1971; Stamer, 1983, 1988).
I.1.5.3. Moulds.
Moulds are normally associated with spoilage 
problems, which will be discussed further on (section
1.1.7. ).
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1.1.6. Factors affecting fermentation.
In the process of fermenting a fruit or a 
vegetable, the combined effect of many different 
factors contributes towards obtaining the final 
product.
I.1.6.1. Intrinsic factors.
a) Microbial load.
The products' natural microflora (see section 
1 .1 .1 ) can influence the course of the 
fermentation. Lactic acid bacteria are normally 
present only as a minor component of the 
microflora but usually in sufficient amount to 
achieve a satisfactory fermentation, provided 
other factors give them a selective advantage over 
the other microbes present.
b) Substrate composition; carbohydrate content.
Lactic acid bacteria, being nutritionally 
fastidious, require many vitamins and aminoacids. 
Cabbage, cucumbers and olives used for brining, 
apparently contain all of the essential nutrients 
for growth of lactic acid bacteria normally 
associated with fermentation of these commodities. 
Spanish-style green olives subjected to improper 
alkali and leaching treatments could provide an 
exception (Daeschel & Fleming, 1984),
Fermentation can proceed in different ways 
depending on the types and amounts of sugars 
present.
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The monosaccharides glucose and fructose, 
together with the disaccharide sucrose, are the 
main sugars found in fruit and vegetables 
(Duckworth, 1966). Other carbohydrates which 
constitute a major part of the carbohydrate 
content are polysaccharides, which apart from 
starch (if present) are largely confined to the 
cell-walls (cellulose, hemicellulose and pectic 
materials). A few other sugars are only present in 
small amounts, and if so, they are difficult to 
detect due to the masking effect of glucose, 
fructose and sucrose (Whiting, 1970).
Pentoses are present in most plant materials 
in small amounts. They are not present free in 
living plants but are liberated after harvest as a 
result of the hydrolysis of hemicellulose 
(Daeschel et al., 1987). They are fermentable by 
certain lactic acid bacteria, such as 
Lactobacillus brevis, and this may have some 
significance for vegetable fermentation (Daeschel 
et al., 1987; Pederson, 1971).
Mannitol, a polyol, can be found in many
pi ant tissues but it rarely occurs in fruits
(Whiting, 1970). Besides its natural presence, it
can be formed during fermentation by reduction of
fructose (used as an electron acceptor) by
heterofermentative lactic acid bacteria. Mannitol
can then serve as a substrate for homofermentative
species which normally occur at later stages of
the fermentation (Daeschel 1987: Fleming et al,, 1985;et al.,Pederson StAlbury, 1969). (See Section 1.2.2.1.)
Fruits generally contain higher amounts of 
total carbohydrate than vegetables. At the ripe 
stage, the greater part of this is usually present
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as soluble sugar. The average total sugar content 
of fruits can be said to be lying in the region 
5-10 % (as percentage of fresh weight of edible 
portion) (Whiting, 1970).
Vegetables offer a very wide spectrum: some
non-starchy root vegetables, such as parsnip, 
beetroot and carrot, which contain between about 
8% and 18% of total carbohydrate, are also 
relatively rich in soluble sugars. Most other 
vegetables, however, contain smaller amounts, 
usually less than about 9% of the fresh weight, 
the bulk of this present as polysaccharide 
constituents of the cell-wall (Duckworth, 1966).
When total sugar contents are given, these 
are close to the sum of the concentration of the 
three main sugars in fruit and vegetables: 
glucose, fructose and sucrose. In most fruits, the 
glucose concentration exceeds that of fructose, 
occasionally even by a factor of two. This is not 
the case olives, which have 39-67% of their
reducing sugar content as fructose (Duckworth, 
1966; Whiting, 197 ).
The relative proportions of sucrose and of 
the reducing sugars, glucose and fructose, vary 
from one substrate to another and in the same 
material with time. Most commonly, reducing sugars 
are present in greater amounts than sucrose, but 
in certain vegetables (e.g. parsnip, beetroot, 
carrot, onion) and in some ripe fruits (banana, 
pineapple), the content of sucrose is the highest 
(Duckworth, 1966; Whiting, 197 ). In acidic
conditions, sucrose hydrolyses into glucose and 
fructose.
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According to Fleming and co-workers (1985), 
ideally all fermentable sugars should be removed 
during fermentation in order to avoid spoilage by 
fermentative yeasts. The ability of lactic acid 
bacteria to ferment completely the sugars depends 
on the sugar concentration and the buffering 
capacity of the medium.
Fleming et al. (1983) noticed that fermented 
red beets and carrots, which contained residual 
sucrose, underwent secondary fermentation. Five 
of the seven products examined had conversion 
efficiencies of sugar into acid well above 100%; 
this suggested that other substrates (apart from 
glucose, fructose and sucrose), which were not 
measured, contributed to product formation (i.e. 
lactic acid and acetic acid and/or ethanol). The 
conversion efficiency (%) was measured as:
(L£ - Lj^ ) + ( Ag - Aj^  ) + (E^ - Ej^ )
------------------------------------------------------------------------------------------------------------------------------------  X  100
2 [ ( -  G^) + (F^ - F^) + 2 (S^ - Sf) ]
where L, A and E represent molar concentrations of 
products formed (lactic acid, acetic acid and 
ethanol, respectively) and G, F and S represent 
molar concentrations of carbohydrates substrates 
(glucose, fructose and sucrose, respectively); i 
and f stand for initial and final concentrations.
In two instances this index was less than 
100%, which indicated that some of the sugars were 
converted to products that were not measured 
(Fleming et al., 1985).
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This problem of carbon recoveries in 
fermentation products has been noticed in other 
occasions too (Fleming et al., 1988) and is 
something which would require more attention.
It could be related to the dry matter loss noted 
in some fermentations (Adams, 1990). Also CO2 was not 
included in the calculations.
Sometimes the concentration of sugars exceeds 
that needed to produce the acid required for 
preservation. This can serve as a carbohydrate 
source for spoilage yeast or result in the 
production of excessive acidity. This is the case, 
for example, with cucumbers and cabbage (Pederson, 
1960).
Several different ways have been proposed to 
solve this problem: Daeschel et al. (1988) have
investigated the use of fermentative yeasts, in 
combination with Lactobacillus plantarum, which 
might remove a portion of fermentable sugars 
during the so-called primary fermentation, thereby 
assuring their more rapid and complete 
utilisation . Elimination of residual sugar after 
primary fermentation could reduce the time 
necessary to continue purging with N 2 or air in 
cucumber fermentations thus reducing costs.
Another solution is to heat process the 
product when the desired concentration of acid is 
reached. This is done for sauerkraut, where the 
product is usually pasteurised once it reaches the 
desired acidity levels (Daeschel & Fleming, 1984).
One other solution is to ferment to a high 
level of acidity and then leach part of the acid 
from the product.
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Some have also mentioned that efforts should 
be made to find cultivars with lower amounts of 
sugar (Daeschel & Fleming., 1984).
Altogether, these solutions seem to be rather 
artificial developments to a process which has 
been successfully used throughout centuries.
On occasion, insufficient sugar content 
causes problems. This happens, for example, in 
Spanish-type green olives, which undergo a 
leaching process required to remove excess alkali 
after the debittering process - removal of 
oleuropein . This removes the natural sugars 
present normally in concentrations of around 2% to 
3%, It is a common practice among some briners to 
add fermentable sugar (as corn sugar - dextrose ) 
to assure an adequate acid formation (Daeschel & 
Fleming, 1984; Etchells et al., 1966; Pederson, 
1971).
c) Buffering capacity.
The buffering capacity of the commodity 
influences the extent to which lactic acid 
bacteria can ferment natural sugars before being 
inhibited by a too low pH (Fleming, 1984; Daeschel 
& Fleming, 1984). Different foods vary in their 
ability to resist change in pH, that is, in their 
buffer capacity. The presence of buffering 
substances, certain salts and proteins, permits 
fermentation to continue without considerable 
change in pH. Leafy or root vegetables have a much 
lower buffer capacity than milk, meat and seeds.
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For example, green beans and peas are fermentable 
by lactic acid bacteria but the pH change is so 
slow that non-lactic types of bacteria frequently 
grow and impart undesirable characteristics 
(Pederson, 1971). On the other hand, in some 
commodities the pH drop is so abrupt that the 
acidity promptly inhibits the lactic acid 
bacteria, causing an accumulation of reducing 
sugars which can cause spoilage yeasts to thrive. 
Where this is a problem, sodium acetate, calcium 
acetate or even sodium hydroxide - as an 
inexpensive means - are used as buffering agents 
to assure complete sugar utilisation during the 
primary fermentation of cucumbers (Fleming et al., 
1983). Calcium acetate seems to have a dual 
function since the calcium ion also improves 
firmness retention of brined cucumbers (Buescher & 
Burgin, 1988; Fleming et al., 1978 -see Daeschel & 
Fleming, 1984 ).
The storage stability of vegetables fermented 
with pH control has been studied by Fleming and 
coworkers (1983) who concluded that provided all 
fermentable sugars were removed during 
fermentation and that the products were stored at 
pH 3.8 or below, they remained microbiologically 
stable during 12 months stored in hermetically 
sealed jars at approximately 24°C.
24
I.1.6.2. Extrinsic factors.
a ) Salt concentration.
Sodium chloride (NaCl), in any form (solar, 
rock or granulated salt), is used for two 
purposes: to direct the type and extent of
microbial action and to deter softening (Pederson, 
1971). Both result from the osmotic extraction of 
liquid from the plant tissue, a process that will 
go on until equilibrium of all constituents (added 
salt and water-soluble constituents of the plant 
tissue) is attained, usually some time after the 
fermentation is complete.
Two methods of salting are used: dry-salting, 
as for cabbage fermentation; and brining, in which 
a salt solution is used, as is practised for 
cucumbers, olives and other vegetables.
The salting procedure will dictate the 
concentration of acid produced. In a dry-salted 
vegetable, if sufficient sugar is present, an 
acidity of 2 .0 -2 .5% will be produced whereas in 
brine fermentations an acidity beyond 1% is rarely 
attained (Pederson, 1971; Stamer et al., 1971). 
This is probably a result of the dilution effect 
of the water added in the brine.
The amount used depends on the commodity; it 
varies from 2% to 3%«yW( preferably 2.25%) in 
sauerkraut production, to 15-20% in carrot or some 
varieties of olive fermentations (Fleming, 1982; 
Pederson, 1971; Vaughn, 1975) (See Table 2). These 
values, which will decrease due to équilibration, 
are maintained in some cases during fermentation 
and storage by the addition of more salt (Fleming, 
1982).
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Table 2. Initial salt concentrations used in the 
fermentation of several fruit and vegetables.
Commodity
Dill pickles
Stock pickles
Spanish-style 
green olives
Greek olives
Sicilian-style
olives
White cabbage 
for sauerkraut
NaCl (w/w) Reference
5.0
15.0
4.0-15.0
7.0-19.0
7.0
2.25
Pederson, 1971 
Pederson, 1971 
Fleming, 1982
Fleming, 1982 
Fleming, 1982
Pederson, 1971
Lactic acid bacteria require the presence of 
small amounts of salt for optimal growth. Salt 
concentrations below 2% have little effect upon 
the extent of growth, but above this concentration 
inhibition varies with the specific strains and 
species (Pederson, 1971),
For example, Leuconostoc mesenterolcLes, which 
normally initiates the sauerkraut fermentation and 
several other low-salt products such as beets, 
turnips, kimchi and paw-tsay (Pederson, 1971), is 
not normally present in significant amounts during 
cucumber and olive fermentations, where the higher 
salt concentration inhibits its growth.
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A low salt concentration permits rapid growth 
of Leuconostoc mesenteroides but withdraws less 
water from the cabbage shreds before equilibrium 
is attained; therefore, acid is required in 
conjunction with the salt to inhibit the softening 
due to enzymatic activity (Pederson, 1971).
Higher salt concentrations favour the growth 
of homofermentative types that produce little CO2 , 
which can be important in establishing 
anaerobiosis. Yeast growth, including the pink 
pigment-producing strains, found occasionally in 
sauerkraut, becomes more prevalent in high salt 
concentration brines.
Currently efforts are being made to reduce 
the amount of salt used in fermentations. This is 
due to health (the perceived need for low-salt 
diets) and environmental problems (caused from the 
disposal of fermentation effluents). The addition 
of calcium acetate or calcium chloride (Fleming et 
al., 1985) has been shown to result in firmness 
retention of cucumbers at relatively low levels of 
sodium chloride (1.4% to 4%). This is related to 
the calcium interacting with the pectin of the 
plant cell walls to form the middle lamella, whose 
composition will determine the firmness with which 
adjacent cells adhere to each other, which in turn 
will affect the textural quality of fruit and 
vegetables (Duckworth, 1966). Bell et al. (1979, 
see Fleming et al., 1975 ) suggested that the 
higher binding affinity of lactic acid as compared 
to acetic acid for Ca"*"*" might have been 
responsible for the loss of firmness in fresh-pack 
pickles. They suggested that removal of Ca'*”*’ from 
the pectic substances that bind the cucumber 
tissues by lactic acid could result in softening.
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The uniform distribution of salt is fully as 
important as the amount of salt used, especially 
in the case of dry-salting. Different methods have 
been devised to attain uniformity (Pederson, 
1971).
b ) Temperature.
The temperature for fermentation is usually 
dependent on ambient conditions at the time the 
vegetables are harvested. Cucumbers and olives, as 
an example, are fermented in tanks that are held 
out-of-doors and are subject to wide temperature 
fluctuations. Cabbage is normally fermented 
indoors and is less subject to extreme temperature 
fluctuations (Daeschel & Fleming, 1984).
The quality of the final product will also 
depend on the temperature, as this will govern 
microbial growth rates and the rate of enzymic 
reaction. It has been demonstrated that 
temperatures of the order of 13° to 18°C favour 
the growth of heterofermentative lactic acid 
bacteria, such as Leuconostoc mesenteroides, 
whereas temperatures of 24°C and above favour 
homofermenters. In sauerkraut production, higher 
temperatures will result in an inferior quality 
product with higher acidity and the incorrect acid 
balance. For example, a brine acidity of 1.8-2.0%, 
calculated as lactic acid, may be attained in 8-10 
days' fermentation at 32°C (Fleming et al., 1985; 
Pederson, 1971) while at 18-20°C it will take 3-4 
weeks to reach this value.
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c ) Anaerobic conditions.
In order to avoid spoilage by aerobic yeasts 
and moulds, air is excluded by covering the 
fermenting vats with plastic covers containing 
either water or brine, to provide weight 
(Pederson, 1971). Carbon dioxide (CO2 ) is produced 
in the course of the fermentation, which will help 
to lower the redox potential within the mass. This 
CO2 results from normal respiration of the plant 
tissue and heterofermentation of glucose by lactic 
acid bacteria. Another source is the 
decarboxylation of organic acids and aminoacids 
(McFeeters et al., 1982), particularly as a result 
of the malolactic fermentation (Fleming at a l .,
1985). CO2 formation can sometimes cause serious 
problems when it produces the so-called 'bloater 
d amage’ in cucumbers and the ’fisheye’ defect in 
olives (Fleming et al., 1985) (See section
1.1.7.).
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1,1.7. Problems associated with fermented fruit and
vegetables.
Fermented fruit and vegetables are subject to a 
variety of forms of spoilage.
I.1,7.1. Softening.
Softening can be a serious problem, caused by 
pectinolytic or cellulolytic enzymes of plant or 
microbial origin.
The cell wall constituents of plant tissues are 
cellulose, hemicellulose and pectic materials. 
Cellulose, which consists of long straight chains of 
p-glucose residues, is the main cell-wall polysacharide 
from the structural point of view. The hemicelluloses 
form a heterogenous group of compounds, the molecules 
of which may contain any number of kinds of hexose and 
pentose monosaccharide residues, along in some cases 
with residues of glucuronic acid. The pectic materials, 
which are not strictly carbohydrates, are constructed 
from chains of 1-4 linked D-galacturonic acid residues 
which are usually esterified to varying degrees with 
methyl alcohol to form pectin (pectinic acid) (see 
Figure 1).
Several genera of fungi {Rlternarla, Rscochyta, 
Aspergillus, Cladosporium, Dematlum, Fusarium, 
Geotrlchum, Mucor, Myrothecium, Paecllomyces, 
Pénicillium, Phoma, Rhodotorula, Sac charomyces and 
Trlchoderma) have been found causing softening problems 
in fermented fruit and vegetables (Dennis, 1987; 
Duckworth, 1966; Fleming, 1982; Vaughn, 1982).
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Figure 1. Structural components of plant cell walls
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Yeasts known to be pectinolytic appear to produce 
only polygalacturonase. Most moulds involved in 
softening also produce polygalacturonase, with 
monogalacturonic acid as the major end-product, 
although there are references to moulds producing 
pectin trams-eliminase. Pectin esterase has also been 
described in moulds that produce softening. Species of 
Fusarlum have been found to be cellulolytic as well as 
pectinolytic (Vaughn, 1982). The mould and yeast 
enzymes are active at pH values in the range commonly 
found in fermented fruit and vegetables, so moulds and 
yeasts could be responsible for softening of these 
commodities at pH 5.5 and below.
A variety of bacteria are known to produce 
pectinolytic enzymes, generally of two types: pectin 
esterase, which demethylates the pectin molecule to 
pectic acid, and either endo- or exo-polygalacturonic 
acid trans-eliminase, which cause degradation of the 
polygalacturonate to either unsaturated digalacturonic 
acid or unsaturated trigalacturonic acid (Vaughn, 
1982). Several species of the Gram-positive spore- 
former Bacillus, have been shown to spoil pickles and 
cause 'soft stem end’ spoilage in olives. Among the 
Gram-negative types, several genera have been found to 
contain strains with pectinolytic activity, such as 
Rchromobacter (this genus is no longer recognised, its 
species having been distributed among several others - 
Krieg, 1984 -), Rerobacter (no longer recognised - 
Krieg, 1984 ) , Reromonas, Escherichia j. Erwinia,
Paracolobactrum and Pseudomonas.
Among the cellulolytic bacteria, the following 
have been found on some occasion in fruit and 
vegetables causing softening: Rerobacter, Rlcaligenes, 
Cellulomonas, Escherichia, Kurthia, Uicrococcus and 
Xanthomonas.
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The minimum pH for the activity of bacterial 
pectolytic enzymes is in the range 5.0-5.5, with an 
optimum pH around 8.0 -8.5. Bacteria will not normally 
grow at low pH values, so bacterial enzymes will not be 
a factor in softening unless, for some reason, the 
fermentation is abnormally slow.
Salt concentration and distribution as well as 
the exclusion of air, especially on brine surfaces, are 
two ways of preventing softening by inhibiting the 
growth of pectinolytic organisms. The addition of 0.16% 
acetic acid (equilibrated) to air-purged cucumber 
fermentations, has been shown to be effective in 
preventing mc^d-induced softening (Potts & Fleming, 
1982).
I.1.7.2, Gaseous deterioration.
Bloater damage in brined cucumbers is due to the 
increase in gas pressure inside the fruit during 
fermentation. This is due to the combined effects of 
nitrogen (N2 ), which is trapped as air inside the 
cucumbers when they are brined, and carbon dioxide 
(CO2 ) • The CO2 originates from cucumber tissue 
respiration and from gas-forming microorganisms active 
in the brine such as yeasts, which can be either 
fermentative (Brettanomyces, Hansenula, Saccharomyces 
and Torulopsls) or oxidative (Candida, Debaryomyces, 
Endomycopsls and Zygosaccharomyces); heterofermentative 
lactic acid bacteria (such as Lactobacillus brevis) and 
even the homofermentative Lactobacillus plantarum*
Other gas-forming bacteria which have been found 
in cucumber fermentation are the Bacillus polymyxa- 
macerans group of aerobic bacilli and the gas-forming 
pseudomonad Reromonas liquefaciens (Dennis, 1987; 
Vaughn, 1982).
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Gassy, 'floater' or fish-eye spoilage in olives, 
characterised by the development of blisters resulting 
from the accumulation of gases which cause separation 
of the skin from the flesh and by the formation of 
fissures or gas pockets which may extend to the pits of 
the fruit, is chiefly caused by coliform bacteria other 
than Escherichia coll. Bacillus species and 
saccharolytic species of Clostridium have also been 
implicated. Yeasts (Saccharomyces and Hansenula) have 
been associated with gassy fermentation of olives too 
(Dennis, 1987; Vaughn, 1982, 1985).
I.1.7.3. Discolouration.
Discolouration is a major problem concern with 
some brined vegetables. Pink kraut may be caused by the 
yeast Rhodotorula, which can grow when excess salt 
and/or wooden covers are used in the fermentation 
tanks. This is rarely encountered in commercial 
practice today due to better control of the 
concentration and distribution of salt and the use of 
modern plastic liners (Pederson & Albury, 1969; Stamer, 
1983, 1988; Steinkraus, 1983b). Discolouration of kraut 
has also been ascribed on occasion to Saccharomyces 
cerevisiae, Torulopsls holmii and/or Candida krusel 
(Dennis, 1987). Lactobacillus brevis has been 
implicated in causing red to brown off-colours in 
fermented white cabbage juice (Stamer, 1975).
Other discolouration problems may be of chemical 
rather than microbial origin (Fleming, 1982).
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I.1.7.4. Undesirable flavours and odours.
Undesirable flavours and odours may result from 
bacterial growth during fermentation and storage of 
brined fruit and vegetables. For example, in olives, 
rancid odours are caused by butyric-acid producing 
Clostridium species; hydrogen sulphide production by 
Desulfovibrio species; and the so-called 'zapatera', 
characterised by a sagey offensive odour, caused by the 
participation of species of at least two genera of 
bacteria: Clostridium and Propionibacterium.
Oxidative yeasts and bacteria which grow on the 
surface of improperly maintained brines can also give 
rise to malodorous fermentations, as well as oxidative 
changes brought on by exposure of the commodities to 
sunlight (Fleming, 1982; Vaughn, 1982, 1985).
I.1.7.5. Other spoilage problems.
Slimy or ropy kraut has been observed for many 
years. It is generally caused by dextran formation by 
Leuconostoc mesenteroides, which in the fermentation of 
sucrose, ferments the fructose and polymerises the 
glucose to form slimy, ropy, water-insoluble dextrans. 
The polysaccharide can then be utilised by other lactic 
acid bacteria. Slimy kraut should be considered a 
normal step during the intermediate stages of 
fermentation. This is not the case however with 
permanently slimy kraut caused by pectinolytic activity 
(Daeschel&Fleming,1984, 1987; Vaughn, 1982).
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Surface films are due to the growth of oxidative 
yeasts such as Debaryomyces species and can be found 
in cucumber fermentations (Dennis, 1987). A thick film 
of mycoderma is common in most home-made paw-tsay 
(Chao, 1949).
In the case of olives, which are not heat 
processed after fermentation, cloudiness in the 
consumer jar may occur if fermentable sugars remain 
available for additional microbial growth (Daeschel & 
Fleming, 1984).
Other yeasts implicated in spoilage of fermented 
fruit and vegetables are Issatchenkla orientalis and 
Pichla membranaefaciens (Davenport, 1989).
The many different problems that can arise during 
or after fermentation are due to some failure in the 
fermentation/storage process. The optimisation of the 
process in all its aspects is therefore necessary to 
minimize economic losses occured by spoilage.
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1,1.8. Nutritional and therapeutic effects of
lactic acid fermented fruit and vegetables.
Lactic acid fermented foods have a long tradition 
in regard to their beneficial effects in the human 
diet, although no specific health or nutritional claims 
can yet be made for the lactic acid bacteria 
(Gilliland, 1990).
Fermented milks are probably the products which 
possess a longer established reputation for positive 
effects on longevity and well being, from alleviating 
illnesses such as colonic cancer and tumour 
development, arteriosclerosis, heart disease, 
intestinal malfunction, such as diarrhoea and 
constipation, to curing minor complaints like dryness 
of the skin and eczema (Fernandes et al., 1987; Gurr, 
1987; Marshall, 1986 - see Gilliland, 1990 -). The 
potential beneficial effects from the ingestion of 
selected lactic acid bacteria have been divided into 5 
areas: improvement of the nutritional value of food, 
antagonistic action towards enteric pathogens in the 
intestine, improved lactose utilisation, inhibition of 
some types of cancer and hypocholesteremic effects 
(Gilliland, 1990).
Studies on the beneficial effects of fermented 
plant products have been largely confined to those 
produced using filamentous fungi. Van Veen ^ 
Steinkraus (1970) reported that the digestibility for 
humans of certain fermented foods such as tempeh, 
ontj cm and bongkrek is improved by the fermentation. On 
the other hand, fermentation does not seem to improve 
the nutritive value of the protein, but as Nout & 
Rombouts (1990) point out when referring to this
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happening in tempeh, the fermentation produces an 
attractive product from sensory, health and economy 
points of view, especially if considering soya beans as 
a source of cheap protein.
Some vitamins e.g. riboflavin and thiamine in idli 
fermentation, niacin and vitamin 8^2 during tempeh 
fermentation, seem to increase during fermentation 
while others e.g. thiamine in tempeh fermentation, may 
decrease. Increases in thiamine and riboflavin content 
are very important when the fermented foods are part of 
a predominately rice diet. Increases of other vitamins 
are also important where specific deficiencies occur in 
the diet.
Also it would appear that the wholesomeness of 
fermented foods is as good and, in some cases, better 
than that of the ingredients from which they are 
produced. For example, aflatoxin levels present in 
ontjom are reduced through fermentation (Van Veen & 
Steinkraus, 1970).
Fewer studies have been performed on lactic 
fermented fruit and vegetables. Costilow & Fabian 
(1953, see Daeschel & Fleming, 1984) conducted studies 
on changes in certain nutrients during lactic 
fermentation of cucumber juice. Losses of 10-30% 
occurred for pantothenic acid and five aminoacids. 
Fellers (1950) reviewed the effects of fermentation on 
food nutrients. Oil content of olives is not affected 
by fermentation; since fresh olives do not contain 
significant quantities of vitamins, processing has 
little effect on their nutritive value. In salt-stock 
cucumbers, there is a great loss of ascorbic acid and 
thiamine, carotene (precursor of vitamin A) levels are 
slightly reduced but no losses occur for calcium and 
iron. Dill pickles however retain 33 to 60 % of the
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ascorbic acid originally present while practically all 
of the carotene is retained. But in other circumstances 
(Morcos & El-Husseini, 1976 - see Steinkraus, 1983b -), 
thiamine, riboflavin, biotin and ascorbic acid, as well 
as carotene, have been found to be 50% lower in the 
fermented product (fermented cucumbers, at 12% salt 
after 9 days).
Bates (1977) found that fermented carrots retain 
practically all the vitamin A of fresh carrots. In 
contrast, Morcos & El-Husseini (1976, see Steinkraus, 
1983b) found that carotene, together with biotin and 
vitamin C were rapidly exhausted within 1 week of 
fermentation of carrots in a 12% brine solution. About 
50% of vitamin B^ and 70% of vitamin B2 were maintained 
in the vegetables after 15 days at 22^C, which was 
judged to be the optimal period for fermentation under 
those circumstances. Relatively small amounts of 
vitamins were found in the brine.
Sauerkraut is a rather variable source of ascorbic 
acid, according to Fellers (1960). When all or part of 
the natural brine or juice is replaced by fresh brine, 
there is a resulting decrease in ascorbic acid and 
other soluble salts, depending on the degree of 
dilution. Barrelled or canned kraut shows negligible 
losses during storage up to 6 months.
According to Watt & Merrill (1950, see Fellers, 
1960), sauerkraut contains only small amounts of 
carotene, thiamine, niacin and riboflavin. But 
Gustaffson (see Pederson & Albury, 1969) reported 
variable quantities of these vitamins depending on the 
temperature at which cabbage is grown. Pederson & 
Albury (1969) mention cabbage and sauerkraut as having 
a rich content of vitamin C and low calorific value. In 
a series of papers, Chenney (see Pederson & Albury, 
19 6 9) reviewed the use of cabbage against peptic
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ulcers, reporting the existence of an anti-pectic ulcer 
(so-called Vitamin U) dietary factor present in fresh 
cabbage juice although there was no evidence of its 
existence in sauerkraut.
Pederson & Albury (1969) concluded that sauerkraut 
produced under modern conditions may be a good source 
of ascorbic acid and there appears to be little loss 
throughout fermentation. During storage in tanks after 
completion of the fermentation there is a slow 
oxidation of the ascorbic acid, a change accelerated at 
higher storage temperature. In the canning process 
further losses may occur. Such losses correlate with 
loss of CO2 , exposure to O2 , and to the higher 
temperature. Clearly, the ascorbic acid level of 
sauerkraut could be optimised if more attention were 
to temperature and time effects, and to the 
growing conditions of the cabbage.
Also, depending on the levels of salt used in the 
brine during storage and further processing, the losses 
of ascorbic acid and thiamine may be greater or lesser 
(Fleming & McFeeters, 1981).
erschner & Buckenhuskes (1983) suggested the 
determination of ascorbic acid content in sauerkraut 
regularly during production as a quality control 
parameter.
In kimchi fermentation, the contents of vitamins 
^1  ^ ^2' ^12 niacin may reach as high as twice the
initial levels, but then decrease. This decrease is 
concurrent with a deterioration due to over 
fermentation. Vitamins C and A are slightly reduced 
during the fermentation, but kimchi is nonetheless 
regarded as an excellent way of preserving these 
vitamins during the winter season (Lee, 1986).
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Ro et al. (1979) inoculated kimchi with 
Propionibacterium freudenreichii (a vitamin 
producer) increasing in this way the amount of vitamin 
®12 Passent and proving to be an effective vitamin 
enrichment method.
An increase in the HCl extractability of minerals 
(an index of their bioavailability to humans) from 
pearl millet (Pennisetum typhoideum) by single and 
mixed culture fermentations with yeasts and 
lactobacilli has been shown (Khetarpaul & Chauhan,
1989) and ascribed to the production of phytase by the 
fermenting microflora. In the same way, iron 
availability in several lactic fermented vegetables has 
been shown to increase due to the almost complete 
reduction of the phytate (inositol hexaphosphate) 
present in the vegetable which, together with inositol 
pentaphosphates, makes iron ingested from plant 
material unavailable (Andersson et ai., 1990),
Biogenic amines, formed in foodstuffs as a result 
of microbial decarboxylation of aminoacids, are to be 
kept to a low level in a product if it is to be 
considered safe for consumption. According to Mayer et 
al. (1973, 1974, cited in Buckenhuskes & Gierschner, 
1987a), in sauerkraut fermentation at pH values between 
3.6 and 3.8, a growth of Pediococcus damnosus 
(previously P. cerevisiae) must be expected and the 
presence of this microorganism involves an increased 
formation of circulation-stimulating amines such as 
histamine, tyramine, cadaverine and putrescine.
Taylor (1978, cited in Buckenhuskes & Gierschner, 
1987a) held that in kraut production, the formation of 
histamine cannot be avoided and questioned whether its 
occurrence is linked to the presence of pediococci. He 
t®lt that organisms which normally occur at the
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beginning of sauerkraut fermentation were more likely 
to be responsible for the amine formation.
More recently, Andersson (1988) stated that lactic 
fermented vegetables and root crops should be 
considered low-risk products with regard to the 
presence of biogenic amines. A study of biogenic amines 
in fermented carrots, red beets and a mixture of 
carrot, Swedish turnip, cabbage and bell pepper 
concluded that they were low-risk products in this 
respect. Cadaverine, histamine, putrescine, spermidine 
and tyramine were present in concentrations too low to 
cause food poisoning ( < 15 mg/kg wet weight of
product) while tryptamine, phenylethylamine and 
spermine could not be detected. It was suggested that 
either the lactic acid bacteria present (L. piantarurn 
was used as a starter culture in all the fermentations) 
do not produce amino acid decarboxylases or that they 
are able to break down biogenic amines formed by other 
bacteria which dominate the flora during the initial 
stage of fermentation.
Cho'àhury et al. (in preparation, see Choudhury et 
al., 1990) observed the formation of very little 
histamine, putrescine, cadaverine, spermidine, spermine 
and tyramine in carrots subjected to spontaneous brine 
fermentation. However, when carrots were inoculated 
with a strain of Leuconostoc oenos, significant 
quantities of putrescine and tyramine were detected, 
which points out the care which should be taken when 
selecting starter cultures for use in fermentations.
It is well known that vegetables naturally 
accumulate nitrate, since the amount of nitrate taken 
up by the plant is normally greater than the amount 
metabolised. It has been stated that 80% of the total 
nitrate intake of humans originates from vegetables.
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Nitrate itself is harmless, but can be reduced to 
nitrite by microbial activity, e.g. during digestion. 
Under certain conditions nitrite can then react with 
amines to form N-nitroso compounds, most of which have 
been found to be carcinogenic in animal tests. Nitrite 
can also react with haemoglobin and cause 
methaemoglobinemia in young children. Therefore it is 
advisable to minimise the amount of nitrate ingested. 
In an experiment carried out by Andersson (1985) 
reduced nitrate levels were found in carrots fermented 
with a starter culture of L. plantarum. L. plantarum 
itself could not reduce the levels of nitrate, and it 
was concluded that the natural Gram-negative bacteria 
present in the initial stages of the fermentation had 
carried out the decrease measured. Nitrite levels were 
found to be much lower than those considered as 
dangerous.
On the other hand, Fleming & McFeeters (1981) 
stated that L. plantarum is indeed capable of reducing 
nitrates to nitrites. Nitrites, with a well-established 
effect on germination and outgrowth of anaerobic 
spores, may have their value in inhibiting anaerobic, 
spore-forming bacteria in fermenting vegetables.
This does however appear to be a variable 
phenomenon. Buckenhuskes & Gierschner (1987a) found 
high levels of nitrate in lactic fermented beetrc^ 
juice while levels in fermented carrot and celery 
juices were much lower. In all juices, nitrite occured 
only in very small amounts.
The contents of nitrite and secondary amines in 
kimchi have been found to be very low at the end of the 
fermentation period although there is a slight increase 
followed by a decrease during the fermentation. Nitrate 
levels drop down rapidly during 4 days of fermentation 
at 20°C, and the nitrate reductase activity during
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kimchi fermentation followed the same pattern as the 
nitrate concentration. This indicates that kimchi 
fermentation reduces the nitrate level in vegetables by 
the action of microorganisms without increasing the 
concentrations of nitrite and secondary amines to 
significant levels (Lee, 1985).
Another safety matter that surrounds fermented 
fruit and vegetables is the optical configuration of 
the lactic acid produced. Humans can utilise only the L 
( + ) isomer, the D (-) isomer is excreted, or can lead 
to acidoses particularly in the case of infants. The 
World Health Organization therefore recommends that 
neither D ( - ) nor DL lactic acid be added to food for 
infants. A daily limit of 0-100 mg/kg bodyweight for 
the intake of D (-) lactate by adults is recommended 
(Stetter, 1974). During fermentation of vegetables, a 
great deal of lactic acid is formed, which as a rule is 
a racemic mixture of the D (-) and L (+) isomers.
It has been suggested the use of Lactobacilus 
bavarlcus, a member of the 'sub-genus' Streptobacterium 
within the Lactobacillus genus, as a starter to obtain 
exclusively L(+)-lactic acid containig sauerkraut. This 
microorganism can also be used with other fruit and 
vegetables where higher salt concentrations are 
applied, as this microorganism is more tolerant to high 
salt concentrations than other lactic acid bacteria 
(Stetter, 1974).
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Sauerkraut is known to possess certain laxative 
properties; both sauerkraut and its juice have been 
used as purgatives. This effect has been ascribed to 
the production of acetylcholine by bacterial strains 
involved in the fermentation, normally L. plantarum or 
to dextrans produced by L. mesenteroldes during 
fermentation (Steinkraus, 1983b).
According to Buckenhuskes & Gierschner (1987a) 
lactic fermented vegetable juices are said to have an 
appetising effect, they improve digestion and they have 
a regulating effect on the gastric acid. In the case of 
insufficient acid secretion, the lactic acid formed is 
said to improve protein digestion and to accelerate the 
splitting of inorganic iron from iron complex 
compounds. In addition, lactic fermented vegetable 
juices are said to have therapeutic affects in the case 
of heart and circulatory disorders, diabetes and 
arterioesclerosis. Fermented beetroot juices have been 
shown to have an inhibitory effect on the growth of 
tumour cells in animals, although the underlying 
mechanism has not been elucidated.
Zetelaki-Horvàth & Andersson (1986) have suggested 
using lactic acid fermentation to extend the shelf-life 
of cocktails prepared from enzymatically solubilized 
vegetables, which represent a high nutritional value, 
containing almost all the vitamins and nutrients of the 
original tissue.
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1.2. THE LACTIC ACID BACTERIA.
The term lactic acid bacteria is a generic name 
given to several genera of Gram-positive, catalase 
negative, spherical or rod-shaped, non-sporing, 
immotile bacteria (Sharpe, 1962; Stanier et al-, 1986). 
The name derives from the fact that ATP is synthesised 
through fermentations of carbohydrates, which yield 
lactic acid as a major, and sometimes as virtually the 
sole, end product. The lactic acid bacteria are all 
aerotolerant anaerobes (microaerophiles). However, they 
are unable to synthesise ATP by respiratory means, a 
reflection of their failure to synthesise cytochromes 
and other heme-containing enzymes. Although they can 
perform limited oxidations of a few organic compounds, 
mediated by flavoprotein enzymes, either oxidases or 
peroxidases, these oxidations are not accompanied by 
ATP formation. The growth yields of lactic acid 
bacteria are, accordingly, largely unaffected by the 
presence or absence of air, the fermentative 
dissimilation of sugars being the source of ATP under 
both conditions.
They have complex nutritional requirements, 
needing to be supplied with aminoacids, peptides, 
vitamins and fatty acids, and they are only weakly 
proteolytic and lipolytic.
Lactic acid bacteria occur in many different 
habitats; they are found in dairy products, such as 
milk and cheese, in plant matter, such as silage, 
grass, grain, fruit juices, beer and wine, and in the 
saliva, vagina, nasopharynx and alimentary tracts of 
man and animals (Sharpe, 1962; Stanier et al., 1986).
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1.2.1. Taxonomy.
The composition of this non-taxonomic grouping has 
varied in accordance with the prevailing classification 
methods. It was Orla-Jensen (1919) who first arranged 
several genera of bacteria, based on microscopic 
morphology, sugar fermentation and growth temperature, 
into six different genera: Betacoccus, Streptococcus,
Tetracoccus, Betahacterlum, Streptobacterium and 
Thermobacterium.
Of these, only one. Streptococcus, has retained 
its taxonomic rank, although some of its species have 
been taken to the genus Enterococcus (Streptococcus 
avium, S. durans, S. faecalis, S. faecium, S. 
casseliflavus, S. malodoratus and S. gallinarum) and to 
the recently described genus Lactococcus (Schleifer et 
al., 1985), this being the case for the lactic acid 
streptococci (or type N streptococci): Streptococcus 
lactis and Streptococcus cremoris.
The genus names Betacoccus and Tetracoccus have 
been replaced by Leuconostoc and Pediococcus 
respectively. The genera Betabacterium, Thermobacterium 
and Streptobacterium were initially redesignated 
subgenera in the genus Lactobacillus, although in 1957, 
in Bergey's Manual, it was stated that these names were 
not valid according to the Bacteriological Code of 
Nomenclature. More recent classifications (Kandler & 
Weiss, 1986) drop definitively these names, since they 
do not represent phylogenetically defined clusters.
The new division is based in the metabolic pathway 
followed in glucose fermentation, which will be 
discussed in the next section. Nevertheless, many texts 
still refer to the subdivisions within the genus 
Lactobacillus using Orla-Jensen's terminology.
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The species of the genera Lactobacillus, 
Leuconostoc, Pediococcus and Streptococcus form a 
supercluster within the so-called Clostridia sub-branch 
of the gram-positive bacteria as shown by 
oligonucleotide cataloguing of their 16S rRNA,
Bifidobacteria, already excluded from the family 
Lactobacillaceae in the eighth edition of Bergey's 
Manual of Determinative Bacteriology (1974), have 
proved to be completely unrelated to lactobacilli. They 
belong to the so-called actinomycetales sub-branch of 
the Gram-positive bacteria (Kandler & Weiss, 1986).
One other species has been included sometimes 
under the definition lactic acid bacteria: 
Propionibacterium, which also belongs to the 
Actinomycetes subdivision of the Gram positive 
eubacteria ( Stackebrandt & Teuber, 1988). Unlike the 
lactic acid bacteria, the fermentation products include 
large amounts of propionic and acetic acids, and they 
are catalase positive.
Classically, the morphology and the pathway 
followed for glucose fermentation have been the 
characteristics used for taxonomic purposes, together 
with the isomer of lactic acid produced from glucose 
(Table 3) (London, 1976; Rogosa, 1970; Sharpe, 1962).
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Table 3. Taxonomic subdivision of the lactic acid 
bacteria. (Adapted from Stanier et al., 1986.)
Genus Cell shape & Mode of glucose Isomer of
Subgenus Arrangement fermentation lactic acid
Streptococcus spheres Homoferm.
chains, pairs
L-
Leuconostoc spheres Heteroferm,
pairs, chains
D-
Pedlococcus spheres 
in tetrads 
or clusters
Homoferm. DL-
Lactobaclllus rods
Thermobacterlum Homoferm. L, D or DL-
Streptobacterium Homoferm. L- or DL-
Betabacterium Heteroferm DL-
Members of Thermobacterium and Streptobacterium 
are distinguished from one another according to their 
ability to grow at extreme temperatures. While 
Thermobacterium species can grow at 45°C but cannot at 
15°C, the members of Streptobacterium can grow at 15^C 
but cannot grow at 45°C.
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One other difference betwen these two subgenera, 
is that while members of Streptobacterium are able to 
attack gluconate and pentoses. Thermobacterium members 
cannot, and this is the basis of the more recent 
designation as facultative heterofermenters 
{ Streptobacterium) and obligate homofermenters 
(Thermobacterium).
Throughout the years, the names of the species 
involved in vegetable fermentations have been under 
continuous change. Table 4 shows the different names 
assigned to those species relevant to most fruit and 
vegetable fermentations.
Table 4. Taxonomic names changes of species involved in 
fruit and vegetable fermentations. (Adapted from 
Pederson, 1960.)
Current name Old names
Enterococcus faecalis Micrococcus oval is. 
Streptococcus ovalis. 
Streptococcus faecium
Leuconostoc mesenteroid.es Rscoccus mesenteroldes. 
Streptococcus
mesenteroldes, 
Betacoccus arabinosaceus, 
Leuconostoc arabinosaceus
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Table 4 (continued). Taxonomie names changes of species 
involved in fruit and vegetable fermentations. (Adapted 
from Pederson, 1960.)
Lactobacillus brevis Bacillus caseir 
Betabacterium breve. 
Bacillus brassicae 
fermentatae 
Lactobacillus
fermentatae, 
Lactobacillus
pentoaceticus, 
Lactobacillus lycopersici
Pediococcus cerevisiae Sarcina cerevisiae. 
Micrococcus cerevisiae, 
Streptococcus cerevisiae, 
Pediococcus damnosus. 
Streptococcus damnosus, 
Pediococcus albus
Lactobacillus plantarum Streptobacterium
plantarum.
Bacillus cucumeris 
fermentati, 
Lactobacillus cucumeris, 
Lactobacillus arabinosus, 
Lactobacillus pentosus. 
Bacterium brassicae, 
Lactobacillus brassicae, 
Bacterium acetyl cholini
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1.2.2. Metabolism.
"The conversion of carbohydrates to lactic acid, 
acetic acid, ethyl alcohol, CO2, mannitol and dextran, 
is the most obvious change observed in the fermentation 
of fruits and vegetables" (Pederson & Albury, 1969).
Or1a-Jensen (1919) divided the lactic acid 
bacteria into two biochemical subgroups, 
distinguishable by the products formed from glucose: 
homofermenters convert glucose almost quantitatively to 
lactic acid while heterofermenters convert it to an 
equimolar mixture of lactic acid, ethanol (or acetic 
acid, depending on the redox potential value) and CO2.
Mannitol and dextran are intermediate products 
formed during fermentation.
I.2.2.1. Main metabolic products in lactic acid 
fermentation.
The metabolic explanation of the dichotomy was 
discovered years later: homofermenters dissimilate
glucose through the Embden-Meyerhof-Parnas pathway 
(glycolysis) (Figure 2) and possess the enzyme 
fructose-biphosphate aldolase, which mediates sugar- 
phosphate cleavage; heterofermenters dissimilate 
glucose through the 6-phosphogluconate pathway, using 
the enzyme phosphoketolase (Figure 2) (Kandler & Weiss, 
1986).
A major difference between the two pathways is 
their net ATP yields, two moles of ATP per mole of 
glucose fermented by the BMP pathway, and only one mole 
of ATP per mole of glucose from the heterofermentative 
pathway. The electron balance is maintained for the 
homofermenters by oxidising NADH produced in the
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transformation of triose phosphate to pyruvate back to 
NAD by reduction of pyruvate to lactate. In 
heterofermenters, three moles of NADH are formed per 
hexose and one mole of NADH is oxidised by reduction of 
pyruvate. If alternative electron acceptors are present 
(O2 or fructose), acetic acid will be a final product 
(O2 being reduced to H2O2 or H2O and fructose reduced 
to mannitol, - Kandler &. Weiss, 1986 -); otherwise, 
acetate will be reduced to ethanol to oxidise the other 
two molecules of NADH.
Homo- and heterofermentation may be distinguished 
very easily by determining the fermentation end- 
products and by tests for typical enzymes. The results 
are, however, confusing if complex substrates 
containing compounds other than fermentable hexoses, 
e.g. pentoses or organic acids, are fermented as these 
give rise to lactate, acetate and CO2 in different 
ratios. This will be the case with natural material 
such as fruit juices and vegetables.
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Figure 2, j or pathways for sugar fermentation by 
lactic acid bacteria.
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Pyruvate, an intermediate in both pathways, may 
undergo several alternative conversions,for instance 
yielding the well-known aroma compound diacetyl and its 
derivatives. With hexose limitation, the homolactic 
pathway may be changed to a heterofermentation with 
acetic acid, ethanol and formic acid as the main 
products (Kandler & Weiss, 1985),
Even lactate (which is usually not fermented by 
the lactic acid bacteria) may partially be oxidised and 
broken down to acetic acid and formate or CO2 by little 
known mechanisms (Kandler, 1983).
Pentoses are usually fermented by all obligately 
heterofermentative lactic acid bacteria (which would 
correspond to Orla-jensen's genus Betabacterlum and 
several more recently described species) to lactate and 
acetate, according to the lower half of the 6- 
phosphogluconate pathway (Figure lb); this is because 
these bacteria possess the enzyme phosphoketolase, 
although there are some pentose-negative strains.
The obligately homofermenters (the so-called 
thermobacteria and many recently described species) are 
unable to ferment any pentoses, although there are 
reports on pentose fermentation by members of this 
group which should be reinvestigated. However, many 
strains of the streptobacteria ferment pentoses 
readily, as they have an inducible phosphoketolase with 
pentoses acting as inducers (Kandler & Weiss, 1986); 
therefore they are designated as being facultatively 
homofermentative (Kandler, 1983; Fleming et al., 1985) 
or facultative heterofermenters (Kandler & Weiss, 
1986).
There are some reports indicating that some lactic 
acid bacteria may ferment even pentoses by a homolactic 
pathway (Kandler, 1983). Such fermentations may involve 
the transformation of pentoses to hexoses via
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transaldolase and transketolase reactions followed by 
glycolysis (Kandler & Weiss, 1986). Only very few 
yeasts can ferment pentoses (Daeschel et al., 1987).
As a summary, the main products of sugar 
metabolism by lactic acid bacteria under aerobic and 
anaerobic conditions are presented in Table 5.
Table 5. Main products of sugar metabolism by l.a.b.. 
(Adapted from Seale, 1986),
A. Aerobic pathways.
1 . Homofermentative.
1 glucose (or 1 fructose) --->
1 lactic acid + 1 pyruvic acid + 1 H2O 
(The pyruvic acid is further oxidized to acetoin, 
acetic acid, formic acid & CO2 )
2 . Heterofermentative.
1 glucose (or fructose) ---> 1 lactic acid +
1 acetic acid + + 1 CO2 + 1 H2O
B . Anaerobic pathways.
1 . Homo fermentative.
a. 1 glucose (or 1 fructose) ---> 2 lactic acid
b. 1 pentose ---> 1 lactic acid + 1 acetic acid
2 . Heterofermentative.
a. 1 glucose  > 1 lactic acid + 1 ethanol + 1 CO2
b. 3 fructose --- > 1 lactic acid + 2 mannitol +
1 acetic acid + 1 CO2
c. 2 fructose + 1 glucose ---> 1 lactic acid + 1 acetic
acid + 1 CO2 + 2 mannitol 
(Lactobacillus brevis)
d. 1 pentose  > 1 lactic acid + 1 acetic acid
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I.2.2.2. Other metabolites produced during lactic acid
fermentation.
Besides the major products described, other 
reactions occur during fermentation to produce other 
metabolites, which are responsible for important 
organoleptic characteristics of the final fermented 
product. A fermented fruit or vegetable, such as 
sauerkraut, does not arise from a single, simple 
microbial acidification process, but rather it attains 
its character through a vast array of end-products, all 
of which are coupled to a complex growth pattern.
Products found in a lactic acid fermented product 
may not be a consequence of the lactic acid bacteria, 
but rather of changes brought about by other 
microorganisms, particularly yeasts (Pederson, 1960).
Several flavour compounds have been described in 
fermented olives and cucumbers (Fleming et al., 1985).
However, sauerkraut has been the product most 
thoroughly studied: different alcohols, aldehydes,
acids and esters, have been found during and after 
fermentation (Lee et al., 1974; Pederson, 1960; 
Pederson & Albury, 1969). Some of these (i.e. isoamyl 
alcohol, n-amyl alcohol, acetaldehyde diethyl acetal) 
are thought to be responsible for the difference 
between odour of fermented and unfermented cabbage (Lee 
et al., 1974).Sulphur-containing compounds seem to play 
an important flavour role too (Pederson & Albury, 1969; 
Steinkraus, 1983b),
Other end products can accumulate, particularly 
during heterofermentations, such as formic acid, 
acetoin, 2,3-butanediol and diacetyl, which may exibit 
antagonistic activities (Lindgren & Dobrogosz, 1990).
57
1.3. ANTIMICROBIAL EFFECTS OF LACTIC ACID BACTERIA.
Since the lactic acid bacteria are capable of 
producing more than one inhibitory system, the 
antagonistic effect5they exert towards pathogens and 
spoilers likely result from the involvement of more 
than one particular inhibitor.
Among the factors which contribute towards to a 
successful natural fermentation and which result in a 
safer and longer preservation of lactic acid fermented 
fruit and vegetables, the most relevant ones are lower 
redox potential (Eh), ethanol, diacetyl, H2O2# CO2 , 
bacteriocins, low pH and organic acids (lactic and 
acetic acids mainly) (Adams, 1990; Daeschel, 1989; 
Gibbs, 1987; Lindgren & Dobrogosz, 1990).
1.3.1. Diacetyl.
Diacetyl (2,3-butandione) is the characteristic 
aroma product associated with butter. It is produced by 
strains within all genera of lactic acid bacteria (Jay,
1982). Formation of diacetyl tends to be repressed 
during the metabolism of hexoses, but significant 
amounts can be produced under other conditions, e.g. in 
the presence of organic acids like citrate which is 
converted via pyruvate into diacetyl. According to Jay 
(1982) diacetyl interferes with arginine utilisation by 
reacting with the arginine-binding protein of Gram- 
negative bacteria. Although diacetyl is generally 
recognized as safe (GRAS) its utility as a food 
preservative is limited because of the reltively large 
amounts needed to provide preservation and because of 
its intense aroma which would preclude it being used in 
many foods (Daeschel, 1989).
58
1.3.2. Hydrogen peroxide.
Hydrogen peroxide (H2O 2 ) can be generated by
lactic acid bacteria in the presence of oxygen through
the action of flavoprotein oxidases or NADH peroxidases
(Condon, 1987). Lactic acid bacteria generally lack
catalase activity (Kandler & Weiss, 1986) so that the
content of H2O2 can increase to effective antimicrobial
levels. The production of hydrogen peroxide is
dependent not only on availability of oxygen but also
on particular strains being present in the system (see
Lindgren & Dobrogosz, 1990). The bactericidal effect of
H2O2 has been attributed to its strong oxidizing effect
on the bacterial cell (Fooster et al., 1957) and to the
destruction of basic molecular structures of cell
proteins (Sykes, 1965). Besides, hydrogen peroxide
generated by lactic acid bacteria in raw milk can reactin a reactionwith endogenous thiocyanate/, which is catalysed by 
lactoperoxidase to form intermediary oxidation products 
inhibitory to microorganisms (Reiter & Harnulv, 1984).
Since lactic acid fermentations are essentially 
anaerobic processes, the quantity of H2O2 produced is 
limited by the amount of oxygen dissolved in the raw 
material at the start of fermentation. Nonetheless, 
early production of H2O2 could confer an additional 
advantage to fermentations by lactic acid bacteria at a 
critical stage in the process (Adams, 1990).
1.3.3. Carbon dioxide.
CO2 (HCOg") accumulation in fermented plant 
products is the result of an endogenous respiration of 
the plant cells combined with microbial activities 
(McDonald, 1981). The influence of CO2 on product 
preservation is two-fold. First, it plays a role in
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creating an anaerobic environment by displacing existent 
molecular oxygen in the product. Secondly, CO2 ner se 
has antimicrobial activity (Clark & Takàcs, 1980).
The mechanism of action is unknown, but two 
explanations have been offered, one implicating 
inhibition of enzymatic decarboxylations, the other 
pointing to an accumulation of CO2 in the membrane 
lipid bilayer resulting in dysfunction in permeability 
(see Lindgren & Dobrogosz, 1990). One other explanation 
is based in the fact that the cell membrane should 
allow free diffusion of both carbon dioxide gas and 
carbonic acid. For most bacteria with intracellular pH 
values of 7.6-7.8 the bicarbonate ion will be the major 
cytoplasmic species. The inhibitory effect of 
bicarbonate increases with decreasing external pH, 
suggesting a role for either carbonic acid or the pH 
gradient in the inhibitory action. Carbonic acid will, 
like any other weak acid, exert effects on internal pH 
when it distributes across the cell membrane, but 
relatively high concentrations would be needed to 
achieve this (Booth & Kroll, 1989).
1.3.4. Bacteriocins and bacteriocin-like substances.
Bacteriocins are defined as compounds produced by 
bacteria that have a biologically active protein moiety 
and a bactericidal action (Tagg et al., 1976). Other 
characteristics may include: (1 ) a narrow inhibitory 
spectrum of activity centred about closely related 
species; (2) attachment to specific cell receptors; and 
(3) plasmid-borne genetic determinants of bacteriocin 
production and of host cell bacteriocin immunity. 
Incompletely defined antagonistic substances have been 
termed 'bacteriocin-like substances' (Juven et al., 
1991).
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Several lactic acid bacteria related to fruit and 
vegetable fermentations produce bacteriocins. Etchells 
et al. (1964) observed in pure culture fermentation of 
pasteurised cucumbers inoculated with Lactobacillus 
plantarum and Pedlococcus pentosaceus, that the 
Pedlococcus inhibited the growth of the Lactobacillus. 
In later studies, Fleming et al. (1975) demonstrated 
bacteriocin-like activity in the strain of Pedlococcus 
that Etchells observed to be antagonistic to 
Lactobacillus plantarum. It inhibited In vitro growth 
of Pedlococcus spp., Micrococcus spp., Staphylococcus 
8pp., Enterococcus faecalls and Bacillus spp., but did 
not inhibit the Gram-negative bacteria and yeast 
cultures that were tested. Lactobacillus plantarum has 
also been shown to produce bacteriocin-like compounds 
(Andersson, 1986; Andersson et al., 1987; Daeschel et 
al., 1986). In some cases, the bacteriocin-producing 
property seems to be plasmid-borne (Daeschel, 1989; 
Daeschel & Klaenhammer, 1985).
This inhibitory property may be useful if 
possessed by a strain with superior fermentation 
characteristics in order to achieve dominance over the 
competing natural flora. This approach has already been 
used in the development of yeast cultures for sake and 
wine (Hara et al., 1980 - see Daeschel et al., 1984 -).
1.3.5. External acidity and pH reduction.
Different fermented fruit and vegetables attain 
different final pH values and total acidity values 
(Table 6). The final acidity and pH values will have an 
important bearing on the growth and survival of 
microorganisms in the product. Different microorganisms 
have different acid tolerance. Most moulds have a wide 
tolerance of pH and may grow in media of pH 2.0-8.5.
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The minimum growth pH is lower than that found in 
fermented fruit and vegetables. To prevent mould growth 
their access to oxygen must be limited. Yeasts are also 
favoured by an acid pH usually in the range 4.0-4.5. 
Bacteria differ considerably in their pH range for 
growth. Most are favoured by a pH near neutrality, a 
few are favoured by an alkaline pH, and others by an 
acid pH, among which are the lactic acid bacteria.
Table 6. pH values and total titratable acidity ( TTA) 
values of several 1actofermented fruit and vegetables.
Commodity pH
(as
TTA
% lactate)
References
carrots — — 1.1-1.4 Niketic-Aleksic 
et al., 1973; 
Stamer, 1974
celery 1,2 Niketic-Aleksic 
et al., 1973; 
Stamer, 1974
cucumbers 3.2-3.6 0.3-1.2 Stamer, 1983; 
Vaughn, 1985
green beans 3.5-3.6 Chen et al., 
1983a
kimchi 4.2 0.4-0.8 Lee, 1984;
Steinkraus,
1983a
olives 3.8 0 .2-0.8 Vaughn, 1985
(Spanish-type)
sauerkraut 3.7 1.7-2.3 Pederson 
& Albury, 1969; 
Stamer, 1983; 
Vaughn, 1985
62
The acidity that lactic acid bacteria produce in 
foods is lower than the pH tolerance of a large 
majority of other bacteria, including pathogenic 
species. The vegetative cells of a few spore-forming 
bacteria may grow, though, at a pH of 4.0-4.2, but 
their spores are unable to germinate. It is this 
characteristic which make lactic acid bacteria so 
valuable in the preservation of fruit and vegetables.
Even so, as Jay (1978) stated; "...these values 
should not be taken to be precise boundaries, since the 
actual values are known to be dependent upon certain 
other growth parameters. For example, the pH minima of 
certain lactobacilli have been shown to be dependent 
upon the type of acid used, with citric, HCl, 
phosphoric and tartaric acids permitting growth at 
lower pH than acetic or lactic acids."
Lowering the pH is the most obvious effect of 
acids. Weak acids are dealt with in next section 
(III.3.6.). Strong acids which lower the external pH 
but are not themselves permeant through the cell 
membrane may exert their influence by the denaturing 
effect of low pH on enzymes present on the outer layers 
of the cell, i.e. the outer membrane, the cell wall, 
the periplasm and the inner membrane. In this way, for 
example, the external pH may limit growth if it 
reduces the activity of the transport systems for 
essential ions and nutrients. One other effect of 
strong acids is the lowering of the cytoplasmic pH due 
to increased proton permeability when the pH gradient 
is very large (Booth & Kroll, 1989).
Acid-potentiated ions such as carbonate, sulphite 
and nitrate are more potent inhibitors at low pH (Booth 
& Kroll, 1989).
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1.3.6, Intrinsic antimicrobial effects of organic 
acids.
Many studies have shown that the inhibitory effect 
of organic acids cannot be accounted for by simply 
decreasing the pH of the system. Organic acids exert an 
inhibitory action of their own.
Many reports exist on the inhibitory effects of 
organic acids on different microorganisms: pathogenic
bacteria, e.g. Salmonella typhimurium (Goepfert & 
Hicks, 1969), Staphylococcus aureus (Minor & Marth, 
1972) and Yersinia enterocolltlca (Brackett, 19^7); 
spore-forming bacteria e.g. Bacillus spp. (Levine & 
Fellers, 1940; Lynch & Potter, 1988; Wong & Chen, 
1988); spoilage bacteria, e.g. Brochothrlx 
thermosphacta (Grau, 1980); and several fungi (Moon,
1983).
Although in most of these studies the results are 
expressed in different form, regarding the amount of 
acid used or in terms of microbial inhibition, which 
make it more complicated to reach some conclusions, it 
is possible to generalize by saying that among the 
acids tested (acetic, lactic, formic, hydrochloric, 
phosphoric, citric, propionic, malic), organic acids 
are more inhibitory than inorganic acids; with volatile 
acids, there is decreasing bactericidal effect with 
increasing chain length; and most important, acetic 
acid is a better inhibitor than lactic acid (see review 
by Fields, 1977).
Mixtures of organic acids have been used on 
several occasions in order to prevent growth of 
pathogenic or spoilage microorganisms in different 
materials (Singh et al., 1987).
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The studies most relevant to vegetable 
fermentations are those in which lactic and acetic 
acids have been used. Rubin (1978) proposed a modified 
toxicological model to study the effects of lactic and 
acetic acids together on the growth of Salmonella 
typhimurlum, in which a slightly synergistic effect in 
their inhibitory interrelationship was shown.
The effects of acetic and lactic acids used in 
combination against Escherichia coll and Salmonella 
enterItIdls, showed that in weakly buffered media, an 
apparently synergistic interaction occurs, ascribed to 
the potentiation of acetic acid in the lower pH 
environment created by the lactic acid (Adams & Hall, 
1988). This, it was claimed, could explain the 
stability of the natural fermentation of vegetables. In 
the early stages, when the pH is still high, the 
producion of a mixture of acetic and lactic acids would 
restrict the growth of competitors more effectively.
It is generally accepted that it is the 
undissociated form of an organic acid which is the 
active species in terms of microbial inhibition 
(Baird-Parker, 1980; Levine & Fellers, 1940; Winslow & 
Lochridge, 1906).
A microbial cell depends on a certain stability of 
the internal chemical environment for its functions, 
and has developed systems to counteract fluctuations in 
its internal pH level. When an undissociated acid 
molecule enters a living cell (Figure 3), it will 
dissociate, since the internal pH is usually much 
higher than the dissociation constant (Kg^ ) of the acid.
To maintain pH, a compensating net transport of 
protons out of the cell has to take place. The proton 
donation caused by intruding organic acids in a cell 
tends to be automatically counteracted by the active
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proton extrusion (the protonmotive force) needed for 
the membrane to operate as a central organ for energy 
metabolism. However, a constant load on this system may 
easily deplete cellular energy, whether this load is 
caused by a selective introduction of protons through 
an undissociated acid or less specifically through an 
increased membrane permeability (Eklund, 1989).
Carbon
A cid ic; positive
(Leak)
A lka lin e ; negative
H A
Energy
HA
Fig. 3. Proton tnovemenl in cells with respect lo pH homeostasis. (A) Proton eSlux is driven by chemical energy provided either by ATP or by reducing power. (B) In order to achieve net alkalinisation of the cytoplasm a net electrogenic flux of either cations into the cell or anions out of the cell must be active to dissipate (he membrane potential generated by the proton pump. (C) At the steady state proton extrusion is balanced by a number of proton entry pathways which carry out useful work (e.g. ATP synthesis, transport and motility). (D) A weak acid will distribute across the membrane In accordance with the initial transmembrane pH gradient. Some of the protons liberated by the weak acid will be expelled by the proton pump but, once the capacity for proton extrusion is outstripped, pH, will fall. (E) Any compound (e.g. a food preseiwative) which interferes directly with the generation of either ATP or reducing power will limit the capacity of the cell to regulate pH,.
Figure 3. Proton movement in cells with respect to pH 
homeostasis.(Adapted from Booth & Kroll, 1989)
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The antimicrobial effect of an organic acid will 
therefore depend upon its pK^ value and the pH value of 
the external medium. The relationship between these 
parameters and the concentration of dissociated and 
undissociated forms of a weak acid is given by the 
Henderson-Hasselbach equation:
pH = pKg + log ( [A"]/[HA])
where 
pH = - log [H*^ ]
P K a  = - log Kg.
being Kg the dissociation constant = [H"^ ] [A"] /[HA],
where
[H"^ ] is the concentration of protons,
[A~] is the concentration of anions
and
[HA] is the concentration of undissociated acid
From this it can be seen that acids are most 
effective as the hydrogen-ion concentration of the 
system approaches the acid's pKg value. At a pH value 
above the pKg, more of the acid is in the dissociated 
form, but when the pH drops below the pKg more is 
undissociated.
Acetic acid (CHg - COOH), has a higher pKa value 
than lactic acid (CH3 - CHOH - COOH), 4.76 and 3.85 
respectively (Vogel, 1961). Therefore at any given pH a 
greater proportion of acetic acid will be undissociated 
and lactic acid will not achieve an equivalent degree 
of dissociation until the pH is about 0.9 unit lower 
(Table 7).
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Table 7. Effect of pH on the dissociation of acetic and
lactic acids.
pH % of acetic acid 
undissociated
% of lactic acid 
undissociated
7.0 0.6 0.07
6.5 1.7 0.2
6.0 5.3 0.7
5.5 15.2 2.2
5.0 35.7 6.7
4.5 64.3 18.5
4.0 84.8 42.0
3.5 94.7 69.4
3.0 98.3 87.7
Besides this effect on decreasing the pH, organic 
acids have specific activities in the inhibiton of 
microorganisms. Different subcellular targets can be 
affected: cell wall, which only sorbate has been found 
to affect; protein synthesis, limited to the action of 
parabens on bacteria; genetic material, interfered with just 
by weak acids on fungi and parabens on bacteria; and 
cell membrane and metabolic enzymes, with numerous 
references (Eklund, 1989).
Acetate is considered to have only limited action 
of its 'own', other than to its pH-reducing capacity. 
Acetic acid interacts with the cell membrane to 
neutralize the electrochemical potential. It has been 
shown to inhibit amino acid uptake in membrane vesicles 
of Bacillus subtilis. Dénaturation of proteins inside 
the cells has also been investigated as a mechanism of
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action (Eklund, 1989). The presence of 1-2% 
undissociated acid in meat, fish, or vegetable products 
will usually inhibit or kill all microorganisms. The 
growth of most food poisoning and spore forming 
bacteria is inhibited by 0.1% and mycotoxigenic moulds 
by 0.3% of the undissociated acid (ICMSF, 1980).
Lactic acid is generally viewed as less effective 
than acetic acid and other weak organic acids. As a 
short-chain organic acid it should be expected to 
influence the membrane potential, neutralising the 
electrochemical proton gradient. Nevertheless, there 
are data which may suggest a different mode of action 
(Moon, 1983).
69
1.4. USE OF STARTER CULTURES IN FRUIT AND VEGETABLE
FERMENTATIONS.
Microorganisms, both bacteria and fungi, are used 
as 'additives' in meats, milks, cereals, vegetables and 
fruit, to produce fermented products, which will be 
safe and nutritious with desirable organoleptic 
qualities and extended storage stability.
In recent years, pure cultures of specific 
microorganisms (starter cultures) have been added 
deliberately to foods under controlled conditions to 
ensure and to enhance production of the desired 
products (Smith & Palumbo, 1981). This has been the 
case in the meat, poultry, fish, dairy and plant seeds 
industries, where the use of lactic acid bacteria 
starter cultures has resulted in the standardisation of 
the production of fermented sausages (salami, summer 
sausage), many different types of cheese, fermented 
milks (yogurt is the best example) and soy sauce, among 
many others.
1.4.1. Back-slopping.
Since early times, it has been common practice to 
add an aliquot of a fully fermented product or one 
undergoing fermentation, to a new batch of raw 
material. This is what is known as 'back-slopping'. In 
this way, the microorganisms which are carrying out the 
fermentation are introduced to prevent undesirable 
microorganisms taking over.
Once the sequence occurring in a natural 
fermentation of cabbage to sauerkraut was elucidated, 
Pederson (1933) started experimenting with the use of 
sauerkraut juices obtained from tanks of kraut
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undergoing normal fermentation, to inoculate fresh 
batches of cabbage. He found the effect depended on the 
microbial composition of the juice; if the juice had an 
acidity of 0.30% or more (therefore homolactic species 
were already predominant) the product was of poorer 
quality. Below this value, the kraut produced was 
apparently normal. Such juice is comparable to a 
starter composed of mainly Leuconostoc mesenterold.es, 
which predominates at the early stages of the 
fermentation.
However the use of 'microbial additives' in fruit 
and vegetable fermentations has not been such a common 
practice, and it is yet to be standardised. Only on a 
few occasions have lactic acid bacteria been tried, 
either in pure culture or as mixtures of pure cultures.
1.4.2. Single pure cultures.
Conrad (1897 - see Pederson, 1930a - ) is reported 
to be the first person who isolated a bacterium from a 
fermented vegetable, namely sauerkraut, and use it to 
inoculate a fresh batch of cabbage to obtain a product 
of good quality. Since then, there have been many other 
attempts to repeat this idea (see Daeschel & Fleming, 
1984 and Pederson, 1960), although on most occasions 
the microorganism was not fully identified.
The facultatively heterofermentative Lactobacillus 
plantarum has been used on several occasions to obtain 
fermented fruit or vegetables; it was chosen because of 
its presence in the final stages of many such 
fermentations. In this way, cucumbers (Etchells et al., 
1964; Pederson & Albury, 1961), olives (Etchells et 
al., 1966; Fernàndez Diez, 1983), sauerkraut (Pederson,
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1930a, 1933; Engelland, 1962 - see Smith & Palumbo, 
1981 - ; Buckenhuskes et a l . , 1986 ) have been
inoculated, with differing results. It is possible to 
summarise these by saying that the use of L. plantarum 
produces excessively high levels of lactic acid and 
very little acetic acid, resulting in a poorer quality 
and a higher susceptability to yeast spoilage, as 
described for sauerkraut (Pederson, 1930b).
Other facultative heterofermenters and obligate 
homofermenters have also been tried, more specifically 
when fermenting cabbage or banana pulp, but the product 
obtained has never equalled the quality obtained with a 
natural fermentation (Aegerter et al,, 1980 - see Smith 
& Palumbo, 1981 -; Pederson, 1930b, 1933). 'Paw-Tsay'
(fermented turnip) was successfully obtained when 
inoculated with a strain of an obligate 
homofermentative lactic acid bacteria (Chao, 1949).
In the early thirties, the dairy starter 
Streptococcus lactls (now Lactocccus lactls) which is 
not common in sauerkraut, was used with success as a 
starter for kraut production (Pederson, 1930b).
The obligate heterofermenter Leuconostoc 
mesenteroldes, which is an important contributor to the 
final aroma and flavour of sauerkraut, has been used as 
a pure starter culture (Pederson, 1930b). It produced a 
kraut which was normal in flavour but low in acid, 
sometimes even failing to ferment kraut completely.
In another study involving heterofermentative 
species, Buckenhuskes et al. ( 1986) claim to have
obtained a high quality sauerkraut when trying several 
strains of Leuconostoc mesenteroides, with an 
additional speeding up of the process. In the same 
batch of experiments, Lactobacillus brevis (previously
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known as L. pentoaceticus) was shown to produce a 
sauerkraut fair in quality but abnormal in flavour due 
to a high volatile acid content.
Lactobacillus cellobiosus (now L. fermentum, see 
Kandler & Weiss, 1986) has been successfully used to 
ferment both green beans and green bean juice, making 
possible the complete removal of fermentable sugars 
(Chen et al., 1983a, 1983b).
1.4.3. Mixed starter cultures
Since the fermentation of fruit and vegetables is 
generally carried out by relatively few species of 
bacteria growing in sequence (Pederson, 1979; Saono et 
al., 1986; Steinkraus, 1983b), it would seem that if 
these organisms were introduced in mixed culture, they 
will all play a role in the fermentation, resulting in 
a better product.
Apart from the 'back-slopping' procedure mentioned 
earlier, the bulk of the experiments carried out using 
mixed starters have been on sauerkraut production. In 
the thirties, Pederson (1930a) tried fermenting 
sauerkraut with mixtures of Streptococcus 
(Lactococcus) lactls, Leuconostoc mesenteroldes, 
Lactobacillus plantarum and Lactobacillus pentoaceticus 
(now L. brevis). Of every possible combination, those 
in which Streptococcus lactls or Leuconostoc 
mesenteroldes were the main component gave a good 
quality kraut. When elthei^L. plantarum or L. brevis 
were predominant: in the mixture, a definitely
detrimental effect was noted; again this was attributed 
to the either too low or too high level of acetic acid 
(Pederson, 1933).
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other mixtures have been tried with the above 
mentioned species in fermenting other commodities, such 
as carrots (Pedlococcus cerevlslae instead of 
Streptococcus lactls, Niketic-Aleksic et al., 1973), 
cucumbers (Etchells et al., 1964 , 1973 - see Smith & 
Palumbo, 1981 -; Rodrigo et a l . , 1985 ), mixed
vegetables, green tomatoes and hot cherry peppers 
(Etchells et al., 1968 - see Smith & Palumbo, 1981 - ). 
In all cases the results obtained have been promising, 
with a fermentation pattern similar to the spontaneous 
one. The heterofermenter Lactobacillus cellobiosus has 
been successfully used together with L. plantarum in 
cucumber fermentation (Rodrigo et al., 1986),
Only recently, Harris et al. (1990) have suggested 
the use of a mixed starter composed of L. mesenteroldes 
and a nisin-producing strain of Lactococcus lactls as 
an effective means of retarding the succession of 
nisin-sensitive homofermentative lactic acid bacteria, 
such as L. plantarum, in order to produce a good 
quality sauerkraut.
It has been suggested that the use of certain 
yeasts, i.e. Saccharomyces spp., in combination with 
lactic acid bacteria, would give the advantage of 
manipulating the final acidity and the sugar conversion 
by manipulating the time of inoculation of each species 
(Daeschel et al., 1982; Daeschel et al. , 1988).
The commercialisation of starter cultures for 
fruit and vegetable fermentations began in the late 
forties, when starters of L. plantarum were used in the 
Californian olive industry, which went on for almost 
twenty years (see Vaughn, 1975). Since the early 
eighties, concentrated cultures of P. pentosaceus and 
L. plantarum commercially prepared for the specific 
purpose of brine fermentation of cucumbers and other
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vegetables, have been available from several commercial 
sources (Fleming&McFeeters,I981jfbrubcan, 1975; Porubcan 
& Sellars, 1979 - see Daeschel & Fleming, 1984 -). 
Christian Hansen's Laboratorium A/S (Denmark), supply 
commercially at present a starter for sauerkraut 
production, 'Vege-Start', which is a freeze-dried 
culture of L. plantarum (Anon., 1988).
Clearly, although a definite variation can be 
produced by pure culture inoculation, the use of 
certain strains and in different ratios, as similar as 
possible as what are seen in natural fermentations, can 
have beneficial effects on the correct development of 
the fermentation, making standardisation possible.
The immediate future research needed to optimise 
fruit and vegetable fermentations, if it is to be 
upgraded to the same level as the dairy, brewery and 
wine industries, seems to be in the first instance the 
development of mixed starter cultures suitable for all 
kind of commodities. Once these are developed, genetic 
engineering of starter cultures can commence (Johnston, 
1985), in which desirable traits such as non-production 
of CO2 from malic acid (see Fleming, 1984), exclusive 
production of L(+) lactic acid (Stetter, 1974) and 
ability or inability to reduce nitrates (Andersson, 
1985), are transferred to the chosen strains. This has 
already started. A selected strain of Pedlococcus 
pentosaceus, particularly suitable for cucumber 
fermentations, rapidly and effectively removed brine 
carbohydrates at reduced temperatures (<25^C) and at 
high salinity (Raccach, 1982). Daeschel & Fleming 
(1984) genetically altered cells of L. plantarum so 
that they lost the ability to produce CO2 from malate 
during cucumber juice fermentation.
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If starter cultures are to be used in the fruit 
and vegetable fermentation industry, attention should 
also be directed to bacteriophage infection of these 
starters, which may adversely affect the fermentation, 
as it happens in the dairy industry (Sozzi et al, , 
1978). Although apparently rare, bacteriophages have 
been demonstrated in strains of L. plantarum (see 
Daeschel & Fleming, 1984),
Perhaps in the medium term, polynomial models 
predicting the evolution of the fermentation could be 
designed, in which factors sues as NaCl, pH, 
temperature and concentration of organic acids, could 
be used as those main parameters affecting the progress 
of the fermentation, in a similar way as has been done 
for salmonellae or clostridia growth in model systems 
(Gibson et al., 1988), or in a more realistic way as it 
has been done for silage fermentation (Leibensperger & 
Pitt, 1987; Pitt & Leibensperger, 1987).
AIMS
In view of the natural sequence of hetero- and 
homofermenters seen in low salt fermentations, the 
value of mixed starter cultures to standardise, and 
possibly improve, vegetable fermentation will be 
investigated. The value of starter cultures in the 
inhibition of potential pathogens in a commercial 
fermentation (sauerkraut) will be assessed as well as 
the applicability of starter cultures to novel 
substrates (carrots).
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I I . 1. MICROORGANISMS AND MAINTENANCE.
The following lactic acid bacteria isolates were
used:
Lactobacillus brevis NCIB 8038 (obtained from the 
National Collection of Industrial Bacteria - NCIB -, 
Aberdeen, U.K.);
L. brevis NCIB 11973 (obtained from NCIB);
Lactobacillus pentosus 'Lacto-Start 03' (Christian 
Hansen's Lab, Denmark), a commercial starter for meat 
fermentation;
L. pentosus 'Vege-Start 60' (Christian Hansen's 
Lab, Denmark), a commercial starter for sauerkraut 
production (This starter is actually sold as L. 
plantarum although further identification, using API 50 
CHL strips, gave it as being L. pentosus.);
Leuconostoc mesenteroldes subsp. mesenteroldes 
ATCC 8293 (National Collection of Dairy Bacteria, 
Reading, U.K.), originally isolated from fermenting 
olives;
Pedlococcus pentosaceus ATCC 33316, originally 
isolated from dried American beer yeast departmental 
collection. No. 2077); l/m'v.
P. pentosaceus 'Pedio-Start 40' (Christian 
Hansen's Lab, Denmark), a commercial starter culture 
for meat fermentation.
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They were maintained on plates of MRS agar (Oxoid, 
Basingstoke, U.K.) at 4°C and subcultured every 3-4 
weeks. Previous to being used, a colony was picked from 
a fresh MRS agar plate and resuspended in MRS broth 
(Oxoid, U.K.), grown at 30°C in a candle-jar and after 
18-20 hours a loop was streaked out on an MRS agar 
plate. After three days incubation at 30°C 
microaerophilieally, a colony was picked and its 
identity checked using API 50 CHL strips (API System, 
La Balme les Grottes, France).
The inocula for the carrot fermentations were 
prepared by resuspending one pure colony of each 
isolate in MRS broth bottles and incubating them at 
30°C in a candle-jar overnight.
Listeria znonocytogen^s^j serotype 4b, a pathogenic 
strain obtained from theYoepartmental Collection,was 
used for survival experiments in fermenting sauerkraut. 
It was maintained on Nutrient Agar slopes, subculturing 
it every 2-3 weeks. The inocula were prepared by 
obtaining an overnight culture in Nutrient Broth 
incubated at 30°C and then streaking out a Listeria 
Selective Agar plate which was incubated 48 hours at 
30°C. Typical L. monocytogenes appeared as colonies 
with black zones around them.
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II.2. CULTURE MEDIA.
II.2.1. Laboratory media.
All media were sterilised by autoclaving at 121°C 
for 15 minutes except where specified.
Maximum Recovery Diluent - MRD - : grams per litre
Bacteriological Peptone (Oxoid) 1.0
NaCl (AnalaR, M & B) 8.5
MRS broth (de Man, Rogosa & Sharpe); grams per litre
(Oxoid)
Bacteriological Peptone 10.0
’Lab-Lemco' Powder 8.0
Yeast Extract 4.0
Dextrose 20.0
’Tween’ 80 1.0 ml
Dipotassium hydrogen phosphate 2.0
Sodium acetate 5.0
Triammonium citrate 2.0
Magnesium sulphate 0.2
Manganese sulphate 4H2O 0.05
Final pH 6.2 +/- 0.2
Acetate-free MRS broth :
The sodium acetate 3H 2O was left out of the
formula when prepared from its basic ingredients.
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MRS agar (Oxoid);
As for MRS broth but with the addition of 10.0 
grams of Agar No. 1 (Oxoid) per litre.
Nutrient agar(Oxoid) grams per litre
’Lab-Lemco' Powder 
Yeast Extract 
Peptone
Sodium chloride 
Agar
1.0
2.0
5.0
5.0 
15.0
Final pH 7.4 +/- 0.2
Nutrient Broth (Oxoid): grams per litre
’Lab-Lemco’ Powder 
Yeast Extract 
Peptone
Sodium chloride
1.0
2.0
5.0
5.0
Final pH 7.4 +/- 0.2
Plate Count Agar (Oxoid); 
(Tryptone Glucose Yeast Agar)
grams per litre
Tryptone 
Yeast Extract 
Dextrose 
Agar No. 1
Final pH 7.0 +/- 0.2
5.0 
2.5
1.0 
9.0
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Listeria Selective Medium (Oxford Formulation) (Oxoid):
Listeria Selective Agar Base : grams per litre
(Oxford Formulation) (Oxoid)
Columbia Blood Agar Base 39.0
Aesculin 1.0
Ferric Ammonium Citrate 0.5
Lithium chloride 15.0
Final pH 7.0 +/- 0.2
Listeria Selective Supplement:
(Oxford formulation) (Oxoid)
1 vial content: Equivalent
to:
Cycloheximide 200 mg 400 mg/1
Colistin sulphate 10 mg 20 mg/1
Acriflavine 2.5 mg 5 mg/1
Cefotetan 1.0 mg 2 mg/1
Fosfomycin 5.0 mg 10 mg/1
The medium was used as follows: 27.75 grams of the 
dehydrated Listeria Selective Agar Base (Oxford 
Formulation) were suspended in 500 ml of distilled 
water and brought gently to the boil to dissolve. 
Sterilisation by autoclaving at 121°C for 15 minutes 
followed. Then it was cooled down to 50°C and 
aseptically the contents of 1 vial of Listeria 
Selective Supplement (Oxford Formulation) were 
reconstituted with 5 ml of ethanol/sterile distilled 
water (1:1). They were mixed well and poured into 
sterile petri dishes.
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Listeria Enrichment Broth : grams per
Base (UVM Formulation) litre
Proteose Peptone 5.0
Tryptone 5.0
Lab-Lemco Powder 5.0
Yeast Extract 5.0
Sodium chloride 20.0
Di-sodium hydrogen phosphate 12.0
Potassium dihydrogen phosphate 1.35
Aesculin 1.0
Final pH 7.4 +/- 0.2
Listeria Selective Enrichment Supplement.
Vial contents:
Nalidixic acid 20.0 mg
Acriflavine hydrochloride 7.5 mg
Cycloheximide 25.0 mg
They were used in the following way: 27.2 grams of 
the Listeria Enrichment Broth Base (UVM Formulation) 
were suspended in 500 ml of distilled water and 
sterilised by autoclaving at 121°C for 15 minutes. Then 
it was cooled down to 50°C. Aseptically 2 ml of sterile 
distilled water were added to a vial of Listeria 
Selective Enrichment Supplement (UVM), followed by 
gentle inversion to dissolve. Then the vial contents 
were added to 500 ml of sterile Listeria Enrichment 
Broth Base (UVM formulation). Mixing
and distributing into sterile containers followed.
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II.2.2. Carrot juice.
Carrot Juice was used in physiological experiments 
performed over the lactic acid bacteria selected. Two 
different carrot Juices were used for this purpose:
Commercia l : ’STELLE’ Pure Carrot Juice, Star
Mealraakers Ltd., London (U.K.), packed in Tetrabrik 500 
ml volumes.
Laboratory-made : Due to the lack of information 
regarding manufacturing processes of the commercial 
Juice, a carrot Juice was developed in the laboratory.
Different methods were tested for obtaining a 
homogeneous Juice. Yield was also compared to select 
the most economical process. Carrots were grated, 
sliced, cut in halves or used whole. They were then 
used raw or they underwent a blanching process, 
steaming or autoclaving. Several devices were tested 
for extraction of the Juice, such as a cheese press, a 
fruit quartering and pulping machine or an electric 
Juice extractor (Braun, West Germany).
* Robert Kellie & Sons Ltd., Dundee (Scotland).
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All the different methods followed are summarised 
below:
fresh carrots
grate quarter autoclave
press blanching Electric 
Juicer
Fruit filter
^Quartering (muslin 
& Pulping* cloth)
Machine
Rotary Brush III 
Sieve
macerate & filter 
(hair-sieve)
II
quarter 
E. Juic
filter
(muslin
cloth)
IV
quarter
E. Juic.
filter 
(Whatman 
No. 41 
paper + 
vacuum)
V
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II.3. MICROBIOLOGICAL ANALYSES.
II.3.1. Gram's stain.
The method followed was a modification of Preston
and Morrel's(Laboratory Manual, Dept, of Microbiology, Univ. of Surrey (U.K. .yj
1) A thin smear was prepared on a slide and heat 
fixed;
2) It was then covered with Crystal violet for 30 
seconds;
3) Next the first stain was washed off under a 
gentle stream of tap water;
4) Lugol’s iodine was used to wash off the water and 
fresh Lugol’s iodine was applied for 30 seconds;
5) Differentiation with I.M.S. (Industrial 
Methylated Spirit) came next and tap water used as 
soon as no more crystal violet run freely from the 
smear;
6) Counterstaining with safranin for 2 minutes 
followed;
7) Finally, the slide was washed again with tap 
water, drained and blotted.
Microscopic observation of the Gram reaction was 
performed under immersion oil (xlOOO).
II.3.2. Catalase test.
A drop of 3 % H2Û2was placed on a cool slide and a 
large loopful of an agar culture was mixed into it. 
Effervescence was considered as a positive result.
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11.3 .3 . CO2 production.
In order to determine whether a particular isolate 
on MRS agar was a heterofermenter or a homo fermenter, 
the formation of CO2 form a fermentable carbohydrate 
was monitored (Gibson & Abdel-Malek, 1946). For this 
purpose, MRS broth plus 5% glucose was used; 5 ml 
volumes in 10 x 100 mm rimless tubes were inoculated 
with a suspect colony and then 1-2 ml of Vaspar 
(vaseline + paraffin) was added in order to seal the 
tube. All tubes were taken to the 20°C incubation room 
for up to 30 days. Those tubes which showed the Vaspar 
plug had move j upwards, were considered to be 
heterofermenters, i.e. producers of CO2 , while those 
tubes in which growth had occured (shown by the 
turbidity of the medium) but where the Vaspar plug had 
not moved, were considered to be homofermenters.
11.3.4. Carbohydrate fermentation patterns.
In order to study the carbohydrate fermentation 
patterns of the lactic acid bacteria, API 50 CHL strips 
(API-bioMeriux (UK) Limited, Basingstoke, U.K.) were 
used. The following sugars are included in the strips : 
glycerol, erythritol, D-arabinose, L-arabinose, ribose, 
D-xylose, L-xylose, adonitol, 9 methyl-xylosid e , 
galactose, D-glucose, D-fructose, D-mannose, L-sorbose, 
rhamnose, dulcitol, inositol, mannitol, sorbitol, 
o/methyl-D-mannoside,0^ methyl-D-glucoside, N acetyl 
glucosamine, amygdalin , arbutin , esculin , salicin , 
cellobiose, maltose, lactose, melibiose, saccharose, 
trehalose, inulin , melezitose, D-raffinose, amidon, 
glycogen , xylitol, 9 gentiobiose, D-turanose, D- 
lyxose, D-tagatose, D-fucose, L-fucose, D-arabitol, L- 
arabitol, gluconate, 2 & 5 Keto-gluconate.
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II.3.5. Enumeration.
Decimal serial dilutions were performed in MRD 
using the 10“  ^ dilutions of the samples.
Appropriate dilutions were plated out on MRS agar, 
PCA and/or Nutrient agar plates using a Model D Spiral 
Plater (Spiral Systems, Ohio, U.S.A.). Following a 
three-day incubation at 30^C in a candle-jar, counts 
were carried out.
The number of non-1actios was obtained by 
subtracting the number of cfu/g on MRS agar plates from 
the number of cfu/g on Nutrient agar or PCA plates 
(Non-lactics = PCA/NA count - MRS agar count).
Lactobacillus pentosus and Leuconostoc 
mesenteroides were distinguishable on MRS agar plates 
as the former produced white, 2-5 mm diameter, convex, 
glistening colonies, whereas the latter produced 
colonies which were beige, 1-3 mm diameter, raised 
and dull.
In the case of the natural fermentation of 
carrots, 80 colonies were picked at random each 
sampling day using Harrison’s disc (Harrison,1938).
Each single isolate was further identified by 
performing a Gram stain and carrying out a catalase 
test. Measurement of CO2 production served to 
differentiate between homofermenters and 
heterofermenters.
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I I . 3.6, Detection of bacteriocin activity.
In order to detect bacteriocin production by L. 
pentosus and L. mesenteroides against each other, a 
well diffusion assay (Schillinger & Lucke, 1989) was 
carried out. MRS agar plates were overlaid with 7 ml of 
soft MRS agar inoculated with 0.3 ml of an overnight 
culture of the indicator strain (L. pentosus and L. 
mesenteroides in turn). A series of wells (3 mm 
diameter each) were cut into these agar plates when set 
and 0.03 ml of the culture supernatant (see below) of 
the potential producer strain (L. mesenteroides and L. 
pentosus in turn) were placed into each well. The 
plates were then incubated microaerophilically at 30°C 
for 24 hours and subsequently examined for zones of 
inhibition.
The culture supernatant was obtained by growing 
the potential producer strains in MRS broth for 24 
hours at 30^C. The culture was then centrifuged (to 
yield a cell-free solution) and filtered through a 0.2 
ymm filter. This supernatant was adjusted to pH 6,5. 
Inhibitory activity from H2O2 was eliminated by the 
addition of catalase(siGMA).
* 0.7 % agar
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II.4. CHEMICAL ANALYSES.
11.4.1. gH measurement.
The pH values were determined in aliquots of the 
10"- dilutions in MRD by means of a combination 
electrode (Russell pH Ltd., Fife, U.K.) connected to a 
PTI-55 digital pH-meter (Aqua Scientific, Corwen, 
U.K.).
11.4.2. Titration.
The 10"^ dilutions were filtered through Whatman 
No. 41 filter paper (W & R Balston Ltd., England) to 
remove all coarse material.
Two titrations per sample were performed using 
NaOH 0.1 M (BDH Ltd., Poole, U.K.) to an end point with 
phenolphthalein (BDH) and the results expressed as % 
acidity as lactate.
II.4.3. High Performance Liquid Chromatography 
(H.P.L.C.) Analyses.
Small volumes of the paper-filtered 10”  ^ dilutions 
were further filtered through a 0.22 yjun sterile filter 
unit (Minisart NML, Sartorius, W. Germany) and HPLC 
analyses were performed.
The HPLC system used included an LKB 2150 HPLC 
pump (LKB-Produkter AB, Bromma, Sweden), a Rheodyne 
2175 injection valve equipped with a 20 ytl loop 
(Rheodyne Corp., U.S.A.), and an ERC-7510 Refractive 
Index detector (Erma Inc., Tokyo, Japan). A 300 x 7.8
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mm stainless-steel column Rezex Organic Acid HPX-87H 
(Phenomenex, California, U.S.A.) was used as the 
separation column.
In order to protect the column from contaminants, 
it was equipped with a 50 x 4.6 mm Rezex Organic Acid 
Guard column (Phenomenex).
The conditions for the HPLC separation were: 
0.0015 M H^SO^ as mobile phase; flow rate at 0.6 
ml/min; analyses were performed at room temperature.
Previous to the analyses of the samples, retention 
times were measured for compounds of potential 
interest. Standard solutions were made up in Milli-Q 
water with 2% (w/v) of each of the following sugars: 
D-Glucose (AnalaR, BDH) , D(-) Fructose (AnalaR, BDH), 
sucrose (AnalaR, BDH), maltose (AnalaR, BDH) and 
mannitol (G.P.R .,BDH). The following acids were tried 
as well; 0.6% (v/v) acetic acid (Glacial, BDH), 1.5% 
(v/v) lactic acid (AnalaR, BDH), citric, tartaric, 
malic, maleic and oxalic acid (all 1.0% v/v, AnalaR, 
BDH). A 2 % solution of ethanol (Analar, BDH) was also 
assayed.
From the standard solutions. Response Factors were 
calculated automatically by means of an LKB 2221 
integrator (LKB-Produkter), from which concentrations 
of acids, sugars and ethanol in the samples were 
obtained.
Peaks in samples were identified and confirmed by 
spiking with standard compounds.
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11,4.4. Dinitrosalicylic acid assay (DNS acid assay).
The concentrations of reducing sugars were 
determined colorimetrically.
The reagent is prepared by dissolving 0.25 g of 
3,5-dinitrosalicylic acid (SIGMA Chemical Company, St.
Louis, U.S.A.) and 75 g of sodium potassium tartrate 
(Rochelle salt) (AnalaR, BDH) in 50 ml of 2 M sodium 
hydroxide (made by dissolving 4 g NaOH - AnalaR, MSB - 
in 50 ml water) and then diluting to 250 ml with 
distilled water.
To 100 yAl volumes of samples, standards and 
controls, 1.0 ml of the reagent is added and mixed 
thoroughly. The mixtures are then heated at lOO^C for 
10 minutes. After rapid cooling to room temperature, 
the absorbance is determined at 570 nm.
Some of the samples were treated with Invertase in 
order to quantify the total sugar content. The method 
used was as follows: Carrot juice and distilled water
were equilibrated to 55*^ C during 5 minutes. Then 5% of 
an invertase solution (10 mg of Invertase 
-p-Fructofuranosidase- Grade V, SIGMA Chemical Co., St.
Louis, U.S.A.- in 1 ml of distilled water) was added 
and thoroughly mixed with the use of a Whirlimixer 
(FISONS, Crawley, U.K.). It was then alowed to stand 
for 10 min. at 55° C so all the sucrose hydrolysed into 
glucose and fructose. After cooling , it was further 
diluted down to give the right sugar concentration range and the 
DNS acid assay was carried out.
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II.4.5. Luff-Schoorl method.
One of the methods followed for determining 
reducing sugars was the Luff-Schoorl method, as 
described in Browne and Zerban (1941).
11,4.6. Paper chromatography.
The technique of descending chromatography was 
used in order to identify the sugars present in the 
commercial carrot juice.
The samples were prepared by using either 
undiluted carrot juice or appropriate dilutions.
Sugar standards were prepared for D-Glucose, D (-) 
Fructose, Sucrose, maltose, D-Galacturonic acid, D(+) 
Xylose, L(+) Arabinose and D (-) Arabinose, by dissolving 
5mg of each in 1 ml of Isopropyl Alcohol (propan-2-ol)
- water (1:9).
Two microlitre amounts of the samples and standard 
solutions were spotted on Whatman No. 1 paper, 46 x 57 
cm. The strip of paper was then placed in a Shandon 
glass chromatographic tank and the solvent 
(propan-1-ol: ethyl acetate :water 7:1:2) was added.
Development went on for 24 hours, after which the 
strip was allowed to dry in a fume cupboard for three 
to four hours.
Detection followed using the alkaline silver 
method, in which silver nitrate (Ig of AgNOg in 2ml 
water plus 200 ml acetone), alcoholic potassium 
hydroxide (5g KOH dissolved in 200ml of methanol) and a 
1% solution of sodium thiosulphate were used. After 
allowing it to dry overnight, sugars showed up as 
brown/black spots on a light background.
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II.5. PHYSIOLOGICAL STUDIES.
11.5.1. Sugar utilisation.
In order to study the profile of selected lactic 
acid bacteria in regard to their utilisation of 
carbohydrates, MRS broth acetate-free was made up, with 
varying amounts of sugar:
2% glucose (MRSg); 2% fructose (MRSf); 2% sucrose 
(MRSs); and 1% sucrose + 0.5% glucose + 0.5% fructose 
(MRSm).
The isolates were inoculated to reach a level of
10^ cfu/ml from a fresh overnight culture of the appropriatebacterium,Incubation followed at 20 C for up to 28 days, 
sampling at days 2, 7, 16, 22 and 28. Chemical analyses 
andycounts were performed, 
viable cell
11.5.2, gH sensitivity.
Lactobacillus pentosus and Leuconostoc 
mesenteroides were tested in MRS broth towards their 
sensitivity to a range of pH values.
Acetate-free MRS broth was made up and distributed 
in 25 ml volumes in universal bottles. After 
autoclaving, filter-sterilised refluxed concentrated 
lactic acid (AnalaR, BDH) was added by means of a 
sterile Pasteur pipette to reach the pH values to be 
tested: 6.0, 5.5, 5.0. 4.5, 4.0 and 3,5. The right
amount to be added was calculated previously by adding 
lactic acid to uninoculated MRS broth bottles. Equal 
number of drops of sterile water was added to each 
bottle to end up with the same final volume in each
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bottle. Inoculation from a fresh overnight culture of 
the appropriate strain followed, to reach a final level 
of 10^ cfu/ml.
Incubation took place at 20°C for 24 hours in a 
candle-jar, after which new pH values were determined 
and decimal serial dilutions in MRD followed by 
spiral-plating MRS agar plates were performed. 
Enumeration was undertaken after appropriate 
incubation.
11,5.3, Growth at different salt concentrations.
To elucidate the most favourable salt (NaCl) 
concentration at which selected lactic acid bacteria 
can grow, 0, 1, 2 and 3% NaCl concentrations were added 
to MRS broth bottles. Inoculation followed, and after 
18-24 hours incubation at 20°C in a candle-jar, MRS 
agar plates were spiral-plated, incubated at 30°C for 5 
days and counts performed.
11,5.4, Growth at different temperatures
The growth of selected lactic acid bacteria was 
investigated at seven different temperatures ranging 
from 10° to 44°C,
MRS broth bottles were inoculated to a level of 
10 cfu/ml and then incubated in specific incubation 
rooms for varying lengths of time. Serial dilutions in 
MRD followed by spiral-plating on MRS agar plates was 
next. After 5 days incubation at 30°C in a candle-jar 
the plates were examined and colonies counted.
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II.5.5. Growth rate experiments.
ml. portions^ Acetate-free MRS brotHYwas inoculated with 0.05 ml 
of an overnight culture of each selected isolate and 
incubated at 20°C in a candle-jar. The inoculum level 
was approximately 10^ cfu/ml. Cultures were sampled 
periodically over a maximum period of 78 hours for 
determination of pH, total titratable acidity (% as 
lactate) and total viable count (on MRS agar plates).
Specific Growth Rates were calculated following a 
formula derived from the exponential growth equation:
2.3 log X / Xq
y*  ---------------- (h"^ )
where x = cfu/ml at time t^ 
Xq = cfu/ml 
t = ti - t
at time t^
o
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II.6. VEGETABLE FERMENTATIONS.
II.6.1. Handling of cabbage and carrots for 
fermentation.
White cabbage (Brassica oleracea) (English Class
I) and carrots {Baucus carota) were purchased from a
local commercial outlet. On arrival at the laboratory,
the greener outer leaves of the cabbage were removed,
the cabbage was halved and chopped; the carrots were
simply rinsed under tap water. Both vegetables were
then shredded by means of a Magimix 2000 food processor
(Robot Coupe, France) fitted with a fine (1,5mm)
slicing disc.
The resultant shredded cabbage and carrots were
either evenly salted adding 1.0 , 2.0, 2,5 or 3,0 %
w/w of NaCl (AnalaR, M&B, Dagenham, U.K.) or left
without the addition of any salt.
They were then separated into different batches of
300 grams each in sterile Stomacher '400' bagseither( Sewardmedical, London, U.K.), to whicliv^no inocula
(natural fermentation) oi^^different starters were _. , elseadded.
All bags were taken into a candle-jar and kept in 
a 20°C incubation room for up to 15 days. At specific 
sampling days, a 10 g sample was removed aseptically 
from each bag into 90 ml of Maximum Recovery Diluent 
and homogenised during one and a half minutes by means 
of a Colworth Stomacher 400 laboratory blender (Seward 
& Co. Ltd., London, U.K.). Chemical and microbiological 
analyses followed.
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I I . 6.2. Inoculation of sauerkraut with different ratios 
of the mixed culture.
Shredded cabbage was prepared as described before, 
and three batches of 300 grammes were separately 
inoculated with a mixture of the overnight cultures of 
L. pentosus and L. mesenteroides to reach final levels 
of 10® for L. mesenteroides in all cases and 10®( 5:6
mixture), 10^ (6:4 mixture) and 10^ (6:2 mixture) of L. 
pentosus for each of the batches respectively. This was 
attained by performing a serial dilution in fresh MRS 
broth with the overnight cultures and then inoculating 
0.3 ml from appropriate dilutions into 300 grammes of 
cabbage.
All batches were incubated microaerophilically at 
20°C during 15 days and chemical and microbiological 
tests were carried out periodically.
11,6.3, Listeria monocytogenes survival in fermenting 
sauerkraut.
A typical colony of Listeria monocytogenes was 
picked from a Nutrient Agar slope and taken into 10 ml 
of Nutrient Broth, Incubation was at 30°C for 24 hours.
A 3 ml volume of this overnight culture was 
inoculated into each of three different batches of 
sauerkraut inoculated with L. pentosus, the mixed 
culture and uninoculated.
Incubation in candle-jars at 20°C up to 15 days 
followed, sampling at hours 6, 20, 27, 44, 74, 7 days
and 15 days,
A 10 grams sample (fermenting cabbage) was taken 
into 90 ml of Listeria Enrichment Broth at every 
sampling time and taken to a 30°C incubation room.
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After 24 hours, 0.1 ml were spread onto the dried 
surface of Listeria Selective Agar plates and taken to 
a 30°C room. After 24 and 48 hours' incubation, counts 
were performed.
Another 10 grams of sample were removed from each 
batch and taken into 90 ml of M.R.D. and homogenised by 
means of a stomacher (Seward Medical Ltd. ) for 2 
minutes. An aliquot was removed from each sample and pH 
measurement and titration were perfrormed. Serial 
dilutions were performed in M.R.D. and plated out on 
M.R.S, agar. Nutrient Agar and Listeria Selective Agar 
plates. M.R.S, and Nutrient Agar plates were incubated 
microaerophilically at 30^C for up to 5 days while 
Listeria Selective Agar plates were incubated 
aerobically at 30°C for up to 48 hours.
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I I I . l .  SELECTION OF POTENTIAL STARTER MICROORGANISMS : 
GROWTH IN LIQUID MEDIA AND RESPONSE TO 
ENVIRONMENTAL FACTORS.
III.1.1. Preparation and composition of carrot juice.
In early experiments, for ease of handling and 
homogeneity, a commercial carrot juice was used as a 
growth medium.
The low pH value of the commercial Juice indicated 
that acidification had been used during manufacture. 
This is a normal step carried out in the fruit and/or 
vegetable juice industry in order to avoid high 
temperatures in the pasteurisation/sterilisation, which 
would cause drastic changes in the visual and 
organoleptic properties of the juice (Tressler, 1961). 
The pH of the commercial juice ranged between 4.1 and
4.6, below the normal 5.8 to 6.2 found when macerating 
fresh carrots. This was compensated for by adjusting 
the pH back to the natural value, but to confirm that 
this had no adverse effect on bacterial growth, a 
laboratory-prepared Juice was also used.
Of the five methods used to produce a carrot juice 
(I-V, see Materials & Methods), method V, using the 
electric juicer, proved the most satisfactory in terms 
of giving the best yield (71-75 %) and highest pH 
(6.38) (Table 8).
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Table 8. Yields obtained and characteristics of 
laboratory-made carrot juice.
Method % yield pH Refractive 
Index 
( ®Brix)
Appearance
14.20 6.07
II 25.82 5.18 6.6 homogeneous, 
thick
III 65.87 5.24 6.6 homogen., 
runny
IV 71.43 6.17 6.6 brownish, 
not homogen,
V 75.00 6.38 4.4
(taking 88 % as the average water content of carrots 
- Duckworth, 1966 - and assuming a 100% yield would 
give 88 mis of juice from 100 grams of carrots)
The importance of the type of sugar and amounts 
present in the substrate to be fermented is obvious as 
this will influence final acidity values which are 
responsible for the organoleptic properties and safety 
of the product.
The main sugars present in all fruit# and 
vegetables are glucose, fructose and sucrose ; other 
sugars and sugar derivatives may be present but only in 
very small amounts (Duckworth, 1966).
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The results obtained from paper chromatography 
showed that only glucose, fructose and sucrose were 
present in the commercial carrot juice, although an 
unknown compound showed faintly (Table 9).
It was suspected that this might be the acid used 
for acidifying the juice. Several common acids normally 
used for this purpose were tested i.e. citric, tartaric 
and malic acids but none showed the same chromatography 
characteristics.
Table 9. ^  values obtained from paper chromatography,
Raffinose 0.31
Lactose 0.43
Maltose 0.56
Sucrose 0.73
D (+)Galactose 0.93
D-Glucose 1.00
Fructose 1.10
Unknown 1.14
D(+ )Mannitol 1.17
The commercial juice was further analysed to 
quantify the levels of glucose, fructose and sucrose.
The concentration of the different sugars were 
determined colorimetrically (following the DNS acid 
assay) from 11 samples of commercial juices (Table 10).
The total fermentable sugar content is in excess 
for that needed for growth of the lactic acid bacteria. 
This excess of sugar could possibly be a problem if 
yeasts are present in the system as they can cause the 
so-called "secondary fermentation" (Fleming, 1982).
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Table 10. Concentration of sugars (mg/ml) in 
commercial carrot juice.
Total sugars Red. sugars Sucrose
Range 59.3-72.8 22.9-40.9 23.2-42.6
3î(r 64.9± 4.8 33.5t 5.4 31.0± 6.8
III.1.2, Effect of temperature on growth of lactic acid 
bacteria.
Although the optimum temperature for growth of 
lactic acid bacteria is around 30^0 (Kandler & Weiss, 
1986), the most important fruit and vegetable 
fermentations are normally performed at 18-24^0, as 
this is the ambient temperature where such fermenta­
tions are carried out (Daeschel & Fleming, 1984). In 
other areas, however, the temperatures used range from 
5°C to 32°C (Saono et al., 1986).
An experiment to determine the behaviour of the 
selected isolates at different temperatures was set up 
with a range of temperatures from 10 to 44°C. The 
results, showing cfu/ml values after 18 hours growth in 
MRS broth at each temperature (Figure 4), confirmed 
that L. pentosus, Leuconostoc mesenteroides and 
Pediococcus pentosaceus reach higher numbers at 30°C, 
while Lactobacillus brevis reaches a higher count at 
37°C. All species grew well, albeit slower, at 20°C, 
the temperature normally used in production of 
sauerkraut (Pederson, 1979) and adopted in this study 
for all further experiments.
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Growth At D ifferent Temperatures
w
O
- - O' - L brevis
L.pentosus
 A'.. P, pentossceus
— -0—  L mesentero/des
Temperature ^ C
Figure 4. Growth of selected lactic acid bacteria 'at 
different temperatures in Acetate-free MRS broth.
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Ill,1.3. Effect of salt concentration on growth of
lactic acid bacteria.
Concentrations of 0, 1, 2 and 3% NaCl w/v in MRS 
broth were used to see the effects on growth. The 
results obtained (Figure 2) showed that the higher 
salt concentration inhibited the growth of the 
heterofermentative Leuconostoc sp. most. A level of 1% 
NaCl w/v allowed better growth of L. brevis and P. 
pentosaceus.
The use of a 2-2.5% NaCl w/v , as in industrial 
production of sauerkraut, results in less inhibition of 
the growth of the homofermenter L. pentosus compared 
with L. mesenteroldes, If a higher amount of acetic 
acid is to be obtained, a lower salt concentration 
would give improved growth of the heterofermentative 
species. This would also lessen the environmental 
problem caused by the disposal of the residual brines.
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G rowth In D ifferent Salt Concentrations
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—  Q —  L. bfsvfs
^—  L.pentosus
 A” - A pentosaceus
 ©—• L. mesentero/des
NaCl Cone entrât ion % w /v
Figure 5. Growth of selected lactic acid bacteria .at 
different salt concentrations in acetat'e- 
free MRS broth.
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III.1.4, Growth rates of lactic acid bacteria in MRS 
broth and carrot juice.
The next step was to record the specific growth 
rate values and the carbohydrate metabolism of each 
isolate, by growing them in acetate-free MRS broth 
(see Figures 6 to 9) and the carrot juices (Figure 10) 
at 20°C. Fermentations of the commercial carrot juice 
were carried out at its normal pH and at a pH adjusted 
to a value similar to that of fresh carrots. Several of 
the strains of lactic acid bacteria were grown in 
replicate experiments to record their specific growth 
rates.
From the growth rate values (jjl) (Table 11) it can 
be seen that L. brevis grows more slowy than P. 
pentosaceus which in turn grows slower than L. 
pentosus, with L. mesenteroldes having the highest 
specific growth rate, regardless of growth medium or 
pH.
Growth rate is also affected by pH , with slower 
growth at the lower pH. This is an important 
consideration when initially acidifying fermentations 
to inhibit spoilage, as the low pH may retard the 
growth of the desired microorganisms and negate the 
advantages of quick initial growth with a starter 
culture.
L. mesenteroldes has the highest specific growth 
rate and this organism often dominates the early stages 
of natural fermentations. Specific growth rate is not 
the only factor affecting the predominance of organisms 
in mixed cultures. The affinity constant (K^) will also 
dictate the velocity at which a microorganism may grow. 
Kg values of bacteria for sugars are normally of the 
order of 10“*^ mM; in the case of fruit and vegetables
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the amounts of sugar present are so high (=33 mM) that 
the specific growth rates will not be adversely 
affected by this.
Acid tolerance and bacteriocin production are two 
other factors which may explain the predominance of one 
organism or another in these systems (McDonald et al., 
1990). It was unexpected to find L. mesenteroldes 
having the greatest value of j* when the pH of the 
medium was as low as 4.2-4.6, as this bacterium is not 
believed to be acid-resistant. This suggests that its 
early disappearance in natural fermentations could be 
due to some other f actor ( s ) rather than acid 
sensitivity as has always been believed (Pederson & 
Albury, 1969).
Also different strains of the same species e.g. 
Pedlococcus pentosaceus showed differentyw. values, 
which shows the importance of selecting an appropriate 
strain of a chosen species for its use as a starter 
culture, as it will affect the duration of the 
fermentation.
The better growth shown by all the isolates 
(except P. pentosaceus - Pedio-Start 40 - ) in the
carrot juice was to be expected as a juice made of 
fresh carrots is nutritionally richer than a lab medium 
such as MRS broth.
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Table 11. Specific growth rates ( h‘~'*~ ) of
selected lactic acid bacteria.
Acetate-free Carrot
MRS broth juice
Commercial lab-made
pH 6.7 4.3 6.0 5.4
L. mesenteroldes 
subsp. mesenteroldes
ATCC 8293 0.53 0.58 0.69 0.47
Lactobacillus pentosus N.A. 0.41 0.53 N.A.
'Lacto-Start 03'
L. pentosus 0.39 N.A. N.A. 0.29
'Vege-Start 60'
Pedlococcus pentosaceus N.A. 0.29 0.38 0.41
ATCC 33316
P. pentosaceus 0.35 0.21 0.30 0.36
'Pedio-Start 40'
Lactobacillus brevis 0.17 0.17 0.19 0.28
NCIB 8038
N.A. = Not Available
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Figures 6 s 7. Growth of ^  mesenteroides and
pentosus in acetate-free MRS broth,
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Growth Of P. pentosaceus In Acetate -free  MRS Broth
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Figures 8 & 9. Growth of P. pentosaceus and L
in acetate-free MRS broth.
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Figure 10. Growth of lactic acid bacteria in carrot 
juice .
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III.1,5. Sugar utilisation and acid production in 
acetate-free MRS broth with different sugar 
sources.
A study was conducted of sugar and acid metabolism 
by the two potential starter species alone and in 
combination using an acetate-free MRS broth to which 
different sugars had been added. The results are shown 
as Tables 12 to 14.
L. pentosus showed a higher production of lactic 
acid when grown on MRS broth + sucrose (MRSs) (2.08%, 
day 22), followed closely by the mixed sugar 
combination (MRSm) where 1.96% lactic acid (day 28) was 
found. These values compared well with the acidity 
values measured by titration (2.10 and 2.05 % as 
lactate, respectively) (Table 15.a).
Acetic acid level was always low with L. pentosus 
reaching its highest level (0.09%) in MRSm by day 28.
Propionic acid was detected at levels of 0.13, 
0.12, 0.08 and 0 % for the fructose (MRSf), sucrose 
(MRSs), mixed sugar (MRSm) and glucose (MRSg) broths 
respectively.
L. pentosus seems to have a preference for glucose 
over fructose, as in the mixed sugar broth, by day 2, 
all the glucose was metabolised whereas fructose still 
remained at a level of 0.15%, declining to 0.02% by day 
7. However, when final pH and acidity are compared, the 
highest pH (3.36) and the lowest acidity (1.45%) were 
found in MRSg.
L. mesenteroides produced the highest lactic acid 
concentration when growing in MRSf (1.40%), followed by 
MRSm (1.13%), MRSs (0.88%) and MRSg (0.56%).
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Acetic acid production was highest in fructose and 
sucrose media (0.27 and 0.25%, respectively), followed 
by the mixed carbohydrate (0.22%) and the glucose 
medium (0.03%).
Ethanol was present in all four batches, with a 
maximum production of 0.31% by day 2 in the glucose 
based medi u m . In the mixed sugar and the sucrose 
broths, the levels were similar (0.14 % and 0.10%, 
respectively) while a much lower value of 0.04% was 
encountered in the fructose medium.
These results are consistent with the theory that 
when glucose is the sole carbohydrate there is no 
alternative electron acceptor to regenerate NAD so 
acetyl-CoA is reduced to produce ethanol. In media 
containing fructose or a substrate which can yield 
fructose, i.e. sucrose, fructose can serve this purpose 
resulting in the accumulation of acetic acid.
Propionic acid reached similar maximum 
concentrations in all four batches, 0.03-0.04%. This 
represented only 2% of the final products.
Highest residual sugar levels occurred in the 
glucose based medium (1.00%) with the lowest final 
acidity value (0.85% as lactate) and highest pH (3.94). 
Residual sugar levels were 0.67% in the sucrose medium, 
and 0.36 and 0.28 % in MRSm and MRSf respectively, and 
only fructose was detected. However since it was found 
that fructose and mannitol coeluted, this value could 
represent mannitol, the production of which is coupled 
to acetate production.
When a mixed culture of L. pentosus and L. 
mesenteroides was grown in the MRS broths with 
different sugars, lactic acid production reached a peak 
of 2.00% in glucose broth by day 22, while values of 
1.85, 1.58 and 1.37% were encountered for MRSf, MRSm
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and MRSs respectively. All of these values correlated 
well with the acidities measured by titration(Table 15.c.)
An acetic acid level of 0.27%, attained in the 
fructose MRS broth by day 2 of fermentation, was the 
highest found. The other three combinations gave 
similar values, around 15% less.
Propionic acid again was detected at low 
concentrations (0.03-0.05%).
The most remarkable feature was the removal of all 
fermentable sugars after the 28-day period when the 
mixed culture was used. This would include the removal 
of mannitol which can be further fermented to lactate.
The mixed culture produced the highest acidity 
(2,00% as lactate) and the lowest pH (3.31) in the 
glucose based MRS broth. Growth in sucrose alone 
appeared to be the least favourable for acid production 
as an acidity of only 1.40% was reached. Conversion 
into polymers could be a justification of this, as a 
white thick sediment was noted in these flasks.
To summarise, the highest level of acetic acid was 
found when fructose was the only sugar present (0.27%) 
and either L. mesenteroides or the mixed culture were 
tested. Lactic acid, as expected, reached its peak when 
L. pentosus was grown in sucrose (2.08%), although 
closely followed by the mixed culture grown in MRSg.
Ethanol was clearly a product of L. 
mesenteroides's metabolism and only showed at low 
levels in L. pentosus cultures.
On the other hand, propionic acid was a product 
from L. pentosus's metabolism and only small 
concentrations were detected in those broths where L. 
mesenteroides was used.
In no cases was butyric acid detected.
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Total sugar removal was slowest when L. 
mesenteroides was used on its own, while the fastest 
removal occurred with L. pentosus» L. pentosus showed a 
more rapid usage of both glucose and fructose than L. 
mesenteroides, although the latter metabolises sucrose 
faster. In this respect, L. pentosus seems to be the 
fastest in removing the sugars (by day 16 only traces 
were detectable) but consequentely produces high 
acidity as well as almost double the ratio of lactic to 
acetic acid that obtained with L. mesenteroides. This 
would confer a rather sour character to the final 
product.
The carbohydrate utilised will be transformed into 
microbial biomass and fermentation end-products. 
Summation of the concentration of carbohydrates and 
fermentation products for L. pentosus at different 
stages in the fermentation gives a figure close to 2%, 
although it is somewhat higher when sucrose is used. In 
part this could be due to the increase in weight when 
sucrose is hydrolysed to glucose and fructose so that a 
2% sucrose solution is equivalent in terms of the 
amount of carbon present to a 2.1% solution of glucose 
and fructose. The presence of products derived from 
other medium components such as peptone or citrate may 
also contribute to this. Values slightly lower than 2% 
are encountered with L. mesenteroides due to the weight 
loss as CO2 evolved during heterofermentation.
The use of a mixed culture consisting of a 
homofermentative lactic acid bacteria (L. pentosus) and 
a heterofermenter (L. mesenteroides) seems to be the 
best at utilising all fermentable sugars present. In 
the case of fruit and vegetables, where glucose, 
fructose and sucrose are the main sugars present, this 
could have important implications if spoilage problems 
arising from the growth of yeasts are to be avoided.
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Table 12. Products from L. pentosus growth in acetate-
free MRS broth during 28 days' fermentation
^  20°C :
a. Plus 2 % sucrose.
Suer. Glue. Fre. Lae. Aeet. Prop. Ethan.
0 hr 2.00 0 0 0 0 0 0
2 d 1.18 0 0.01 1.10 0.05 0 0.04
7 d 0.27 0 0.02 1.91 0.05 0.09 0
16 d 0 0 0.01 2.07 0.06 0.12 0
22 d 0 0.01 0.02 2.08 0.06 0 0
28 d 0 0.05 0.03 2.02 0.07 0.12 0
b. Plus 2 % glucose 
Suer. Glue. Fre. Lae. Aeet. Prop. Ethan.
Ohr. 0 2.0 0 0 0 0 0
2 d 0.10 1.02 0 1.01 0.02 0 0.05
7 d 0.14 0.09 0.01 1.73 0.04 0.05 0
16 d 0 0.04 0.04 1.90 0.06 0.08 0
22 d 0 0.03 0.04 1.93 0.05 0 0
28 d 0 0.03 0.03 1.81 0.03 0 0
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Table 12 (continued). Products from L. pentosus growth
in acetate-free MRS broth during 28 days'
fermentation at 20°C :
c. Plus 2 % fructose.
Suer. Glue. Fre. Lae. Aeet. Prop. Ethan,
Ohr. 0 0 2.00 0 0 0 0
2 d 0.07 0 1.00 0.87 0.05 0 0.05
7 d 0.10 0 0.01 1.75 0.05 0.10 0
16 d 0 0 0.02 1.72 0.05 0.13 0
22 d 0 0 0.03 1.90 0.06 0 0
28 d 0 0 0.02 1.85 0.06 0.13 0
d. Plus 1 % sucrose + 0.5 % glucose + 0.5 % fructose 
Suer. Glue. Fre. Lae. Aeet. Prop. Ethan. 
Ohr. 1.00 0.50 0.50 0 0 0 0
2 d 0.94 0 0.15 1.03 0.02 0 0.05
7 d 0.33 0 0.02 1.85 0.06 0.05 0
16 d 0 0 0.01 1.80 0,07 0.07 0
22 d 0 0 0.01 1.93 0.07 0 0
28 d 0 0.03 0.03 1.96 0.09 0.08 0
117
Table 13. Products from Leuconostoc mesenteroides 
growth in acetate-free MRS broth during 
28 days' fermentation at 20°C.
a. Plus 2% sucrose.
Suer. Glue. Fre. Lae. Aeet. Prop. Ethan
Ohr. 2.00 0 0 0 0 0 0
2 d 0.10 0.28 0.80 0.36 0.15 0.03 0.10
7 d 0.18 0.26 0.83 0.40 0.14 0 0.04
16 d 0.26 0.25 0.92 0.45 0.16 0.04 0.05
22 d 0.23 0.17 0.75 0.44 0.16 0.03 0.06
28 d 0 0 0.67 0.88 0.26 0.02 0.10
b. Plus 2 % glucose.
Suer. Glue. Fre. Lae. Aeet. Prop. Ethan,
Ohr. 0 2.00 0 0 0 0 0
2 d 0.08 1.06 0.06 0.54 0.02 0.02 0.31
7 d 0.09 1.04 0.06 0.58 0.02 0 0.29
16 d 0 1.02 0.07 0.57 0.02 0.03 0.27
22 d 0 1.03 0.09 0.60 0.03 0 0.25
28 d 0 1.00 0.06 0.56 0.03 0.03 0.23
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Table 13 (continued). Products from Leuconostoc
mesenteroides growth in acetate-free MRS 
broth during 28 days' fermentation at 20°C.
c . Plus 2 % fructose.
Suer. Glue. Fre. Lae. Aeet. Prop. Ethan. 
Ohr. 0 0 2.00 0 0 0 0
2 d 0.08 0.17 1.21 0.38 0.23 0 0.04
7 d 0.13 0 1.28 0.38 0.22 0.03 0.03
16 d 0 0 1.21 0.41 0.25 0.03 0
22 d 0 0 0.84 0.83 0.27 0 0.02
28 d 0 0 0.28 1.40 0.22 0 0
d. Plus 1 % sucrose + 0.5 % glucose + 0.5 % fructose 
Suer. Glue. Fre. Lae. Aeet. Prop. Ethan.
Ohr. 1.00 0.50 0.50 0 0 0 0
2 d 0.06 0.12 0.87 0.43 0.15 0.03 0.14
7 d 0.16 0.11 1.03 0.52 0.16 0.03 0.01
16 d 0 0.10 1.01 0.53 0.18 0 0.09
22 d 0.24 0.09 0.93 0.55 0.18 0 0.10
28 d 0 0 0.36 1.13 0.22 0.04 0.03
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Table 14. Products from mixed culture growth in
acetate-free MRS broth during 28 days’
fermentation at 20°C.
a. Plus 2% sucrose.
Suer. Glue. Fre. Lae. Aeet. Prop. Ethan.
Ohr. 2.00 0 0 0 0 0 0
2 d 0.19 0 0.48 0.80 0.15 0.03 0.04
7 d 0.21 0 0.33 1.17 0.13 0.03 0.05
16 d 0 0 0.18 1.35 0.12 0 0
22 d 0 0 0.13 1.44 0.11 0 0
28 d 0 0 0.09 1.37 0.07 0.05 0.02
b. Plus 2 % glucose.
Suer. Glue. Fre. Lae. Aeet. Prop. Ethan
Ohr. 0 2.00 0 0 0 0 0
2 d 0.23 1.06 0.06 0.88 0.03 0 0.11
7 d 0.14 0.06 0 1.77 0.07 0.04 0.13
16 d 0 0 0 1.75 0.09 0 0
22 d 0 0 0 2.00 0.12 0 0
28 d 0 0 0.02 1.85 0.11 0.03 0.08
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Table 14 (continued). Products from mixed culture
growth in acetate-free MRS broth during 28 
days' fermentation at 20°C.
c. Plus 2 % fructose.
Suer. Glue. Fre. Lae. Aeet. Prop. Ethan.
Ohr. 0 0 2.00 0 0 0 0
2 d 0.10 0 1.03 0.60 0.27 0 0.06
7 d 0.12 0 0.55 1.11 0.19 0 0.07
16 d 0 0 0.14 1.81 0.13 0 0.12
22 d 0 0 0.03 1.85 0.15 0 0
28 d 0 0 0.01 1. 68 0.17 0.03 0.13
d. Plus 1 % sucrose + 0 .5 % glucose + 0.5 % fructose
Suer. Glue. Fre. Lac. Aeet. Prop. Ethan.
Ohr. 1.00 0.50 0.50 0 0 0 0
2 d 0.08 0.07 0.91 0.58 0.16 0 0.05
7 d 0.18 0.01 0.44 1.03 0.15 0.01 0.09
16 d 0 0 0.14 1.48 0.11 0 0.13
22 d 0 0 0.07 1.58 0.12 0 0.12
28 d 0 0 0.05 1.50 0.12 0.05 0.10
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Table 15. pH values and total titratable acidity (TTA)
during growth in acetate-free MRS broths with
different sugars at 20°C microaerophilically.
a. ^  pentosus.
days
7 14 21 28
2% Glc 3.35/1.95^ 3.40/1.90 3.45/1.79 3.36/1.45
2% Fre 3.39/1.95 3.43/1.83 3.47/1.81 3.32/2.00
2% Scr 3.35/2.09 3.40/1.92 3.44/1.91 3.31/2.10
1% S + 3.34/2.00 3.41/1.90 3.48/1.87 3.29/2.05
0.5% G +
0.5% F ^ pH/TTA
b. ^  mesenteroides. 
days
14 21 28
2% Glc 4.03/0.98^ 4.08/0.64 4.14/0.63 3.94/0.85
2% Fre 4.11/1.03 4.14/0.76 3.99/0.98 3.46/1.70
2% Sue 4.27/0.79 4.26/0.59 4.31/0.60 3.52/1.35
1% S + 4.07/0.94 4.12/0.73 4.16/0.73 3.75/1.30
0.5% G +
0.5% F ^ pH/TTA
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c. Mixed culture of L. pentosus and L. mesenteroides,
days
7 14 21 28
2% Glc 3.40/1.90^ 3.47/1.80 3.52/1.72 3.31/2.00
2% Fre 3.61/1.55 3.52/1.70 3.60/1.66 3.35/1.90
2% Suc 3.64/1.38 3.63/1.35 3.72/1.32 3.53/1.40
1% Suc 3.68/1.39 3.60/1.46 3.65/1.45 3.43/1.60
+ 0.5% G
+ 0.5 % F ^ pH/TTA
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III.1.6. Sugar utilisation by lactic acid bacteria
during carrot juice fermentation.
The commercial carrot juice was used in 
preliminary studies on the sugar metabolism during a 
48-hour fermentation by different isolates of lactic 
acid bacteria.
One table showing the values encountered for a 
strain of L. pentosus (Lacto- Start 03) is shown (Table 
16).
Table 16. Sugar levels (%) during commercial carrot 
juice fermentation by L. pentosus.
DNS assay H.P.L.C.
Sample pH sugar 
Total Red.
suer. glu. fru. suer.
0 hours 6.02 6.17 2.94 3.22 1.22 1.06 >2.60
14I/2 5.80 6.28 2.75 3.53 1.39 1.13 >2.60
23 h. 4.84 5.94 2.41 3.53 1.36 1.06 >2.60
28 h. 4.48 5.60 2.35 3.25 N.A. N.A. N.A.
48 h. 4.06 N.A. N.A. N.A. 0.93 0.92 >2.60
N.A. = Not Available
There was reasonable agreement between both 
techniques used to quantify sugars.
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No data were recorded using the DNS Assay method 
for the final sugar levels due to lack of sample, but 
the hplc technique shows that the levels are still high 
enough to permit the proliferation of yeasts and cause 
a "secondary fermentation".
It can be seen that sucrose levels do not change 
during the 48 hours of fermentation. This appears to be 
due to the fact that L. pentosus preferentially 
utilises the monosaccharides, glucose and fructose. The 
experiment also showed that no significant inversion of 
the sucrose occurred under the prevailing acidic 
conditions.
L. mesenteroides used glucose and fructose 
preferentially although single sugar studies showed 
that sucrose could serve as a carbon source. When 
strains of P. pentosaceus and L. brevis were used in a 
similar experiment, the final levels of glucose were 
found t© be as much as three times lower than those 
found with L. pentosus.
This prompts the question as to whether L. 
pentosus on its own is suitable enough to use as a 
starter culture, as it has been in the past.
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III.1.7. Acid production by lactic acid bacteria during
carrot juice fermentation.
The level of acidity attained in lactic acid 
fermentations determines whether the product is safe 
for consumption as well as its appeal to the consumer. 
It is not only the total value reached but the ratio 
between acetic and lactic acids which must be assessed.
Preliminary studies on the acid production by 
selected lactic acid bacteria for their possible use as 
starter cultures were performed using the commercial 
carrot juice. Using the H.P.L.C. technique, levels of 
acetic and lactic acid were measured (Table 17).
Table 17. Lactic and acetic acid levels and acid ratio 
produced by selected lactic acid bacteria after 24-hour 
growth in commercial carrot juice.
Strain Acid
Lactic Acetic
lactic/acetic
ratio
L. brevis 0.31
NCIB 8038 
L. pentosus 0.68
(Lacto- Start 03)
P. pentosaceus 0.70
(Pedio- Start 40)
P. pentosaceus 0.43
ATCC 33316 
L. mesenteroides 0.90 
subsp. mesenteroides 
ATCC 8293
0.25
0.03
0.21
0.16
0.31
1.24
22.67
3.30
2.69
2.90
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These results compare well with those obtained by 
Stamer (1968) when several lactic acid bacteria were 
grown in filter-sterilized cabbage juice. Then, a 
higher temperature (32°C) was used and the fermentation 
was allowed to proceed for longer (96 hours), but still 
Leuconostoc mesenteroldes was found to be the lactic 
acid bacterium which when grown on its own gave a 
closer acid ratio to that expected in a good quality 
sauerkraut.
The fermentation with one of the P. pentosaceus 
strains provided a ratio even closer to that of a good 
quality kraut, but an interstrain variation in acid 
production was noted (Table 17). Besides, Stamer (1968) 
did notice an increase in lactic acid production after 
24 hours for the P. pentosaceus strain that he tested, 
resulting in the end in the largest acid ratio of all 
four lactic species he tested, which were the same as 
the ones in this study.
The acid ratio is used in sauerkraut quality 
control to estimate the acceptance or rejection of a 
batch, based on the consumer's preferences. A ratio of 
between 3.0 and 5.0 is normally considered to 
correspond to a very good quality kraut (Pederson, 
1931; Pederson & Albury, 1969).
Carrots are a different substrate to cabbage 
possessing other substrates which may alter the taste 
of the final product, but the acid ratio is what 
determines the product shelf-life.
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III.2. CARROT FERMENTATIONS.
Carrots were chosen as the fermentation substrate 
to analyse and compare changes in microflora and 
chemical parameters. The reasons for choosing carrots 
were novelty and their year round availability. They 
are easy to handle and their high water content 
relative to many other vegetables (84-95 Duckworth, 
1966) would provide a good aqueous medium for 
physiological studies.
In addition, little work has been published on 
carrot fermentation (Andersson, 1984; Bates, 1977; 
Fleming et al., 1983; Niketic-Aleksic et al., 1973; 
Stetter, 1974) whereas other substrates such as
cabbage or cucumbers have already been used in 
different physiological studies, and the behaviour of 
lactic acid bacteria in these systems has been more 
characterised (Buckenhuskes et al., 1986; Fernàndez 
Diez, 1983; Fleming, 1982; Vaughn, 1985).
A preliminary experiment was set up in which 
grated carrots were allowed to undergo a natural 
spontaneous fermentation with the addition of 2% NaCl 
(w/w) at 20°C under microaerophilic conditions.
From the results obtained (Table 18) it can be 
said that by day seven of fermentation, the final 
values of pH and TTA seem to stabilize. A marked drop 
in pH was noted after only two days, although the TTA 
values took longer to parallel this rise in acidity. No 
yeast contamination was noted. This suggested a 
successful lactofermentation had occurred.
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Table 18. pH, Total Titratable Acidity and bacterial
counts during a natural carrot fermentation with 2%
NaCl at 20°C.
days pH TTA log cfu/g
PGA MRS
0 5.41 0.12 6.29 4.14
2 4.26 0.18 7.97 >6.48
7 3.72 0.60 7.18 7.22
16 3.72 0.64 7.45 7.91
After the success of the previous experiment, it 
was thought that the salt concentration could influence 
the developement of the fermentation as with other 
fruits and vegetables (Pederson, 1971). So new 
experiments were set up in order to demonstrate this.
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III.2.1. Natural spontaneous fermentation of carrots at 
different salt concentrations.
The microbial sequence occurring in the natural 
fermentation of four batches of carrots containing 0, 
1, 2 and 3 % NaCl is shown in Figures 11 a, b, c and d.
In all cases a microbial sequence consisting of 
heterofermentative species followed by yeasts occurred. 
Homofermentative lactic acid bacteria were seldom 
present. This is in disagreement with some previous 
findings (see Stamer, 1974). Niketic-Aleksic et al. 
(1973), although they did not perform any microbial 
counts, did assume from the low volatile acid contents 
they obtained that the homofermentative lactic acid 
bacteria were the dominant species in the fermentation 
of whole, sliced and shredded carrots.
Mahmoud and coworkers (1977 - see Steinkraus, 
1983b -), while fermenting whole small carrots, 
reported finding a low initial lactic acid bacteriaopopulation (6x10^ cfu/ml) which increased rapidly over 
a period of 15 days, reaching a maximum value of 10® 
cfu/ml of brine, before declining; no distinction was 
made between homo- and heterofermentative species.
Yeasts increased steadily throughout the 
fermentation to a final level of 5x10^ cfu/g after 27 
days of fermentation.
The results also show that from the start of the 
fermentation all four batches had a different microbial 
load, i.e. the ratio of homofermenters to 
heterofermenters, which in turn will affect the further 
development of the fermentation. This may be ascribed 
to the inhibitory action of the various salt levels 
used.
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Natural  C arro t  Ferm entat ion
at 0 % NaCl
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Figure 11.a. Natural fermentation of carrots at 0% NaCl
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Figure 11.b. Natural fermentation of carrots at 1% NaCl
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Figure 11.c. Natural fermentation of carrots at 2% NaCl
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Figure 11.d. Natural fermentation of carrots at 3% NaCl
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The presence of yeasts in all four batches is 
important. The yeast component of the microflora 
declines relative to the lactic acid bacteria during 
the early stages and then re-emerges as the dominant 
component by day 10. This decline is less pronounced at 
3% NaCl. The development of yeasts in the system could 
cause spoilage problems due to the removal of the 
lactate produced increasing the pH and allowing growth 
of spoilage bacteria which could cause tissue 
destruction.
An attempt to identify the yeasts isolated was 
carried out. Growth on different media, microscopic 
examination and chemical tests were performed (Table 
19) (Davenport, 1990). It was observed that those 
species most frequently encountered were Plchla 
anomalar Plchla membranaefaclens, Saccharomijces 
cerevlslae and Debaryomyces hansenll. Their presence 
throughout the fermentation emphasises their role as 
passengers, although their prevalence by day 10 of 
fermentation coinciding with an increase in the pH 
shows their potential spoilage role, due to their usage 
of the organic acids as a carbon source. A positive 
role could also be ascribed to these yeasts as they are 
known to produce vitamins, which the lactic acid 
bacteria as fastidious microorganisms, may require for 
their growth. In addition, some yeasts produce volatile 
compounds which will contribute to the final aroma, 
although this may be a positive or a negative aspect.
A more detailed study of the mycoflora of carrot 
fermentations would be necessary to specify precisely 
the role of each yeast.
The 2 % NaCl concentration seemed to be the most 
effective at retarding the appearance of yeasts, which 
do not occur until day 5 of fermentation, later than in 
the other batches.
135
Table 19. Probable identity and significant role 
characteristics of yeasts isolated from carrot 
fermentations.
PA DH PM SC CAN
Morphology
Colonies s/r s r s r
Cells c/o c o c c/o
Spores H W H SP -
Activities
Fermentation + - - + +
Nitrate + - - - +
Nitrite - + - - +
Carbon h h 1 1 h/1
compounds 
used
Organic 
acids used
acetic ( < 1 % ) +  + + + +
citric + + - - +
succinic + + + ± ±
lactic + + + + +
Taints EA M M S,D V
(examples
only)
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Key to symbols (Table 19):
PA = Plchla anomala, DH = Debaryomyces hansenll,
PM = Plchla membranaefaclens, SC = Saccharomyces 
cerevlslsae,
CAN = Candida spp. 
s = smooth, r = rough,
c = circular, o = oval to cylindrical,
H = hat, W = walnut, SP = spheroidal 
h = high number, 1 = low number
EA = ethyl acetate, M = musty, S = H2S, D = diacetyl, V 
= various
Table 20. Occurrence of yeasts during natural 
fermentation of carrots at different salt 
concentrations.
day
0 10
NaCl 
(% w/w)
0 PA DH PA SC SC
PA/PM
moulds
DH
moulds
moulds
SC
SC
DH/PA/ 
PM/CAN 
PA/PM 
PA/PM
Legend: PA = Plchla anomala, DH = Debaryomyces
hansenll, PM = Plchla membranaefaclens, SC = 
Saccharomyces cerevlslae, CAN = Candida spp.
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The highest salt concentration of 3% NaCl gave the 
smallest pH drop (4,00, by day 4), while lower salt 
levels (0, 1 and 2,0 % NaCl) resulted in a lower pH 
value (3.85) attained after 5, 5 and 4 days
respectively.( Tables 21).
Previous findings (Niketic-Aleksic et al., 1973) 
have shown that uninoculated carrots can take up to 6 
days to reach a value of pH 4.0, when salt levels from
1.5 to 3.0 % were applied. This difference could be due 
to the fact that on that occasion carrots were peeled 
before fermentation, whereas here they were simply 
rinsed with tap water, therefore retaining more of the 
natural microflora which in fact cause the 
fermentation.
Maximum acidities were achieved after 3 days of 
fermentation in the case of no salt being added (0.70%, 
as lactate), after 3 days with 1% NaCl (0.53%), after 4 
days with 2% NaCl (0.70%), and after 6 days with 3% 
NaCl (0,56 %). In the uninoculated batches ran by 
Niketic-Aleksic et al. (1973), it was found that the 
final acidities reached 1%, as lactate, just after 9 
days of fermentation. The difference could be due to 
use of brine instead of dry salt, in Niketic-Aleksic ' s 
experiments, so that the lactic acid bacteria find it a 
better medium to grow in as nutrients are more readily 
available.
These results demonstrate the need to control 
fermentations which rely on chance inoculation from the 
natural environment. The use of starter cultures to 
mimic the successful natural spontaneous fermentations 
is one way of achieving this once other environmental 
aspects have been standardised e.g. salt, temperature, 
fermentation vessel, etc.
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Table 21, pH, TTA and counts during a 28-day natural 
fermentation of carrots at 20°C with different salt 
concentrations.
a. With 0% NaCl.
day pH TTA log cfu/g
(% as lactate) total counts MRS agar
0 5.97 0.05 6.69 5.16
1 4.72 0.13 >8.48 >8.48
2 4.10 0.51 9.03 8.96
3 4.23 0.70 8.01 9.12
4 3.90 0.60 8.84 8.71
5 3.85 0.69 8.12 8.17
6 4.00 0.60 7.90 7.91
7 4.05 0.61 7.68 7.75
10 4.29 0.47 7.70 7.67
28 4.11 0.78 8.40 8.23
b. With 1% NaCl.
day pH TTA log cfu/g
(% as lactate) total counts MRS agar
0 5.88 0.11 6.16 5.00
1 4.54 0.21 >8.48 >8.48
2 4.09 0.46 8.72 8.81
3 4.17 0.63 8.66 8.70
4 3.95 0.54 8.55 8.50
5 3.85 0.66 8.04 8.04
6 3.90 0.61 7.94 7.96
7 4.10 0.48 8.08 9.28
10 4.19 0.61 8.27 8.09
28 4.19 0.64 8.12 8.00
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Table 21 (continued). pH, TTA and counts during a 28- 
day natural fermentation of carrots at 20°C with 
different salt concentrations.
c . With 2% NaCl.
day pH TTA log cfu/g
(% as lactate) total counts MRS agar
0 5.84 0.09 6.13 5.09
1 5.53 0.13 >8.48 8.49
2 4.11 0.49 8.48 8.65
3 4.22 0.65 8.54 8.54
4 3. 85 0.70 8.54 8.46
5 3.90 0.67 8.00 8.07
6 3.95 0.64 7.85 7.92
7 4.00 0.58 7.87 7.90
10 4.13 0.63 9.02 8.02
28 4.34 0.43 8.09 8.07
d. With 3% NaCl.
day pH TTA log cfu/g
(% as lactate) total counts MRS agar
0 5.82 0.12 5.88 4.91
1 5.92 0.10 7.37 7.09
2 4.33 0.35 >8.48 >8.48
3 4.29 0.47 8.45 8.48
4 4.00 0.49 8.44 8.42
5 4.00 0.49 8.21 8.25
6 4.10 0,56 8.34 8.29
7 4.10 0.51 8.26 8.38
10 4.42 0.30 9.16 8.54
28 4.57 0.36 8.93 8.98
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II.2.2 Fermentation of solid carrots with added starter 
cultures.
In order to try to model the natural fermentation 
of solid carrots, two lactic acid bacteria, a 
homofermenter (L. pentosus) and a heterofermenter (L. 
mesenteroides), were inoculated on to sliced carrots 
separately and as part of a mixed culture. Salt was 
added to a level of 1% (w/w). Fermentations proceeded 
microaerophilically at 20°C.
The results obtained are shown in Figures 12 a, b,
c, and d, and in Tables 22 to 25.
It was found that the addition of any of the 
starters tested produced a faster drop in pH than that 
observed in a natural fermentation. Among the starter 
cultures, L. mesenteroides when inoculated on its own,
was initially the fastest in dropping the pH from the
initial 6.11 value to a lower value of 3.88 after just 
one day of fermentation. But by day 2, the other 
inoculated batches had equalled this. As from day 3 of 
fermentation L. pentosus always showed the lowest 
value, reaching a minimum of 3.37 by day 7.
When acidity values were compared, the L. 
jnesenteroldes-inoculated batch had the highest acidity 
up to day 2, thereafter the mixed culture-batch showed 
higher levels, although by day 7 it had a value close 
to that found in the L. pentosus-inoculated batch, 
around 1.5 %. The naturally fermented carrots always 
had the lowest acidity value, attaining a maximum value 
of 1.15 % after 7 days of fermentation.
This apparent disagreement between pH drop and 
acidity development can be explained if pK^ values are 
considered. Acetic acid, with a higher pK^ value than 
lactic acid (4.75 and 3.86, respectively), is only 
produced by a heterofermentative lactic acid bacterium
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from hexose metabolism following the phosphogluconate 
pathway. Acetic acid was found up to a level of 0.27% 
in the L. mesenteroldes-inoculated batch whereas only 
nearly half of this (0.17%) was detected when L. 
pentosus was the starter used. Acetic acid would 
register in determinations of total acidity the same as 
lactate, but as a weaker acid than lactate it would 
therefore have much less effect on pH.
The initial large increase in glucose and fructose 
levels which do not correlate to the disappearance of 
sucrose might have been originated by the osmotic 
extraction of the sugars in the carrot tissue due to 
the effect of the salt applied (Mahmoud et al., 1977 - 
see Steinkraus, 1983b -).
When sugar levels are compared, it is clear that 
the mixed culture produced a much faster drop in 
sucrose level than any of the other starters or even 
the natural fermentation. Complete depletion occured by 
day 7, although no sucrose was found either in the L. 
mesenteroides or the naturally-fermented carrots after 
the same amount of time.
Glucose and fructose levels increased in the first 
days of fermentation as a consequence of sucrose 
hydrolysis. While glucose was fastly removed from the 
system, to a higher minimum value of 0.18% (L.
mesenteroides-inoculated carrots, day 7), fructose 
seemed to remain in the system to higher amounts to 
those found in the original sample, even after 15 days 
of fermentation.
It was noted though, that in the H.P.L.C. method 
followed to identify and quantify sugars, no 
distinction could be made when mannitol was also 
present in the sample. Mannitol can occur during fruit
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and vegetable fermentations as a consequence of 
fructose reduction in order to oxidise NADH, in the 
absence of O2 , with concomitant formation of acetic 
acid instead of ethanol from acetyl-CoA.
Even so, it is worth noting the lower amount of 
fructose/mannitol when the L. pentosus was the starter 
used: only 0.75% remaining after 15 days of 
fermentation, whereas the other batches ranged from 
1.43% to 1.73%.
Regarding acid production, acetic acid was 
produced at a similar spee^d and to a similar final 
level when the natural, the mixed and the L. 
mesenteroides-inoculated batches were examined, the 
latter attaining the highest level (0.32%) by day 7 of 
fermentation. Detectable levels of acetic acid were 
found too in the L. pentosus-inoculated carrots. 
Although L. pentosus can produce some acetic acid, this 
is normally not detectable. Therefore, on the basis of 
the level found it could be assumed that the presence 
of L. mesenteroides as part of the natural microflora 
of carrots may have influenced the fermentation.
Lactic acid, as expected, was produced in highest 
concentration (1.66%) when L. pentosus was used. If 
fermentation had been allowed to proceed, it could have 
increased to an even higher value, as both sugar 
consumption and lactic acid production seemed not to 
reach a plateau even after the 15-day fermentation 
period (Table 25.c.).
This high level of lactic acid is reflected in the 
lactic to acetic ratio: 11.5. This value is three times 
higher than that obtained after the same time in a 
natural fermentation (3.81). If this ratio can be taken 
as an index of quality of final fermented carrot
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product, then the L. mesenteroides-inoculated carrot 
was best being closest to this value (3.14), while the 
mixed culture gave a value almost twice that of the 
natural fermentation: 7.11. When mixed cultures of four 
species , namely L. plantarum, L. brevis, Pediococcus 
cerevlslae and Leuconostoc mesenteroides, have been 
used (Niketic-Aleksic et al., 1973), ratios of 8.4 to
23.2 have been found in brine fermentation of whole, 
sliced and shredded carrots.
It seems that L. mesenteroides is the starter 
culture most likely to produce the same characteristics 
as a good natural fermentation. The values of the 
chemical parameters measured for the natural 
fermentation after 15 days of fermentation, are 
attained by L. mesenteroides in only 3 to 7 days, 
reducing the time the fermentaiton would have to be run 
for.
If the results of the natural fermentation which 
was allowed to proceed for 28 days (Table 21.b.), are 
compared to the control used in the 15-day fermentation 
experiment, it is seen that natural fermentation does 
not produce consistent results. The largest difference 
is in acidity produced, being nearly double in the 15- 
day experiment (Table 22.a.) than in the 28-day 
experiment (Table 21.b.), 1.15% compared with 0.66%.
On the other hand, when the preliminary experiment 
with 2 % NaCl (Table 18) is compared to the 28-day 
fermentation experiment (Table 21.c.), it can be seen 
that although final pH values differ (3.72 and 4.00, by 
day 7, respectively), the amount of pH drop is similar 
(approximately 1.7-1.8 pH units). The acidities do 
coincide (0.60 and 0.58 % as lacate respectively). This 
variability also points to the advantage of the 
consistency available with starter cultures.
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Table 22. pH , TTA and counts during a 15-day
fermentation of carrots with 1% NaCl at 20°C.
a. Natural.
day pH TTA log cfu/g
(% as lactate) total counts MRS agar
0 6.11 0.12 5.35 4.91
1 4.40 0.41 8.97 8.98
2 3.83 1.04 9.27 9.22
3 3.71 1.08 9.10 9.15
7 3.66 1.15 7.84 7.70
15 3.70 1.08 7.70 7.70
b. L. mesenteroldes-inoculated.
day pH TTA log cfu/g
(% as lactate) total counts MRS agar
0 6.11 0.12 5.35 4.91
1 3.88 0.80 9.45 9.45
2 3.72 1.18 9.36 9.38
3 3.64 1.29 9.54 9.51
7 3.63 1.31 8.00 8.11
15 3.70 1.19 7.60 7.48
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Table 22 (continued).
c. ^  pentosus-inoculated. 
day pH TTA log cfu/g
(% as lactate) total counts MRS agarj^ a pb
0 6.11 0.12 5.35 5.35 6.92
1 4.19 0.63 9.36 9.08 8.99
2 3.72 0.94 9.54 9.09 9.29
3 3.54 1.16 9.39 8.83 9.18
7 3.37 1.46 8.40 <5.35 9.09
15 3.46 1.38 8.43 <5.35 8.59
a Leuconostoc mesenterold.es, b Lactobacillus pentosus
d. Mixed culture-inoculated.
day pH
(%
TTA 
as lactate) total
log cfu/g 
counts MRS 
M^
agarpb
0 6.11 0.12 5.35 6.46 6.62
1 3.93 0.76 9.44 9.32 8.18
2 3.73 1.05 9.38 9.28 8.36
3 3.61 1.35 9.49 9.45 8.70
7 3.42 1.50 8.79 <5.35 8.80
15 3.53 1.35 8.59 <5.35 8. 56
a Leuconostoc mesenteroides, b Lactobacillus pentosus
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Table 23. Development of pH values during 15 days'
fermentation of carrots with 1 % NaCl,
days
0 1 2 3 7 15
Nat. 6.11 4.40 3.83 3.71 3.66 3.70
L. mes. 6.11 3.88 3.72 3.64 3.63 3.70
L. pent. 6.11 4.19 3.72 3.54 3.37 3.46
Mixed 6.11 3.93 3.73 3.61 3.42 3.53
Table 24. Development of TTA^ 
fermentation of carrots with 1
values 
% NaCl
during 15 days
days
0 1 2 3 7 15
Nat. 0.12 0.41 1.04 1.08 1.15 1.08
L. mes. 0.12 0.80 1.18 1.29 1.31 1.19
L. pent. 0.12 0.63 0.94 1.16 1.46 1.38
Mixed 0.12 0.76 1.05 1.35 1.50 1.35
a expressed as % lactate
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Table 25. HPLC analysis^ during 15 days of fermentation
of carrots at 20^C with 1 % NaCl.
a. Natural.
Suer Glue Frc/
Mannit
Lactic Acetic Lac/Ace
DAY 0 1.56 0.86 0.74 0 0 0
DAY 1 1.32 1.42 2.01 0.39 0.11 3.51
DAY 2 1.20 1.34 2.12 0.72 0.21 3.38
DAY 3 0.34 0.90 1.94 0.66 0.27 2.44
DAY 7 0.06 0.20 1.66 0.55 0.29 2.84
DAY 15 0 0.12 1.47 0.81 0.26 3.81
b. L. mesenteroldes-inoculated.
Suer Glue Frc/
Mannit
Lactic Acetic Lac/AcG
DAY 0 1.56 0.86 0.74 0 0 0
DAY 1 1.23 1.31 2.01 0.56 0.23 2.45
DAY 2 0.16 0.97 1.97 0.77 0.27 2.80
DAY 3 0.40 1.03 2.07 0.82 0.30 2.71
DAY 7 0. 0.18 1.99 0.91 0.32 2.85
DAY 15 0 0.18 1.73 0.86 0.27 3.14
a all metabolites expressed as % (w/v for sugars, v/v 
for acids)
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Table 25 (continued).
c . L.pentosus-inoculated,
Suer Glue Frc/ Lactic Acetic Lac/Ace
Mannit
DAY 0 1.56 0.86 0.74 0 0 0
DAY 1 1.50 1.27 1.82 0.42 0.09 4.64
DAY 2 0.80 0.91 1.88 0.97 0.16 6.16
DAY 3 0.56 0.76 1.71 1.07 0.14 7.63
DAY 7 0.18 0.23 0.96 1.40 0.17 8.37
DAY 15 0 0.12 0.75 1.66 0.14 11.46
d. Mixed culture- inoculated.
Suer Glue Frc/ Lactic Acetic Lac/Ace
Mannit
DAY 0 1.56 0.86 0.74 0 0 0
DAY 1 0.75 1.13 1.90 0.58 0.20 2.81
DAY 2 0.89 1.30 2.22 0.75 0.27 2.77
DAY 3 0.47 1.11 2.10 0.94 0.26 3.56
DAY 7 0 0.10 1.37 1.16 0.27 4.30
DAY 15 0 0.16 1.43 1.44 0.20 7.11
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Figure 12.a. Fermentation of carrots with no added 
starter.
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III.3. CABBAGE FERMENTATIONS.
Cabbage was used as an alternative substrate to 
carrots. It is the aerial part of the plant as oppossed 
to being a root, with the consequent difference in 
microflora and chemical constituents. It has the 
further advantage that it is the basis of a well 
established lactic fermented product, i.e. sauerkraut.
III.3.1. Natural versus controlled fermentation of 
cabbage.
was madeIn a preliminary experiment, a comparison^of 
cabbage fermented using a single pure culture of a 
homofermentative lactic acid bacteria (L. pentosus) and 
a mixed culture of L. pentosus and a heterofermenter 
(L. mesenteroides ) , A third batch was allowed to 
undergo a natural spontaneous fermentation and used as 
a control.
A comparison of the three sauerkrauts obtained, 
using a NaCl concentration of 2.5% (w/w) after a 15-day 
fermentation period at 20°C, is summarised in Table 26.
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Table 25. Comparison of three sauerkrauts obtained 
naturally, inoculated with L. pentosus and inoculated 
with a mixed culture of L . pentosus  and L . 
mesenteroides after a 15-day period.
Type of Lactic Count Titratable
Fermentation (log cfu/g) Acidity
(% as lactate)
Aroma
Natural
Controlled 
{L.pentosus)
7.7
8.2
1.11 pleasant
(vinegar-like)
1.65 sharp-acid
Controlled
(L. mesenteroides
+ L.pentosus) 8.8 1.86 pleasant
(vinegar-like)
The changes in counts of non-lactics and lactics, 
pH and acidity (as lactate) in all three fermentations 
are shown in Figure 13. Numerical values are given in 
Table 27.
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Table 27. pH values, total titratable acidity (TTA) and
counts during a 15-day fermentation of cabbage at 20°C
microaerophilically following:
a. Natural fermentation.
day pH TTA log cfu/g
non- __
lactics M
lactics
0 6.09 0.15 6.1 3.9 4.1
2 5.94 0.27 7.8 5.9 6.1
3 4.76 0.51 9.2 7.4 8.0
7 3.98 1.04 ND 7.8 8.4
15 4.00 1.11 ND 8.2 ND
M = L. mesenteroides , P = L. pentosus
ND =■ Not Detectable
b. Inoculated with L. pentosus •
day pH TTA log cfu/g
non- lactics
lactics M P
0 6.09 0.15 6.2 3.9 6.2
2 3.77 0.81 ND ND 9.4
3 3.62 1.02 ND ND 10.0
7 3.46 1.50 ND ND 9.6
15 3.43 1.65 ND ND 8.2
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Table 27 (continued).
c. Inoculated with a mixture of L. pentosus and L.
mesenteroides.
day pH TTA log cfu/g
non- lactics
lactics M P
0 6.09 0.15 5.9 6.2 5.9
2 3.93 0.69 ND 8.8 8.9
3 3.72 0.87 ND 9.5 9.5
7 3.54 1.44 ND ND 9.6
15 3.43 1.86 ND ND 8.8
M = L. mesenteroides, P = L. pentosus
This experiment showed a more rapid decrease in pH 
and the earlier disappearance of the accompanying 
microflora (non-lactics) when starter cultures were 
used compared to the natural fermentation.
The two inoculated sauerkrauts showed the same 
final pH value (3.43) although the mixed-culture batch 
had a higher final total acidity (1.86%) than the pure 
culture-inoculated batch (1.65%). This indicates that 
there is more undissociated acid in the former, with a 
consequent better preservative effect.
The aroma of the mixed-culture inoculated 
sauerkraut indicated the presence of acetic acid in 
reasonably high amounts, which made it preferable to
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the pure culture-inocul ated one by an informal 
assesment panel.
When a mixed culture was used, L. pentosus grew 
more slowly than when on its own (Figure 13), reaching 
a lower climax population. Also the decline in numbers 
was faster for the single-culture kraut.
The total number of lactics (L. pentosus + L. 
mesenteroides) in the mixed culture by day 3 was 
comparable to that of L. pentosus at the same day. The 
maximum lactic population in the natural fermentation 
was achieved by day 7 and it was below that of the 
inoculated sauerkrauts.
The results obtained question the length of time 
the fermentation should be allowed to run for. At day 
3 of fermentation in both inoculated fermentations the 
lactic counts and acidity values found are similar to 
those at day 7 in the natural fermentation. This could 
have a potential economic importance if fermentation 
time could be reduced.
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Figure 17. Sauerkraut fermentation : spontaneous, L 
pentosus and mixed culture - inoculated.
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The promising results from the preliminary 
experiment prompted further experiments to monitor the 
fermentation of cabbage at a range of salt 
concentrations (0, 1 and 2,5 % NaCl), following a
spontaneous fermentation and using potential starter 
cultures.
III.3.2. Cabbage fermentation with 2.5 % NaCl adding
starter strains individually and in combination.
Traditionally, natural spontaneous fermentation of 
cabbage to obtain sauerkraut is performed using 2.5 % 
NaCl (w/w) at 18°C, taking from 3 to 6 weeks, reaching 
a final pH of 3.7 and a final total titratable acidity 
(TTA) value of 1.7 - 2.3 % (as lactic acid) (Vaughn,
1985).
In the experiments carried out using 2.5 % NaCl 
and an incubation temperature of 20°C (Figure 14), it 
was found that the uninoculated cabbage (used as a 
control) did not reach either a pH value below 3.7 or 
an acidity over 1.7 % after 15 days of fermentation. On 
the other hand, cabbage inoculated with starter 
cultures showed a fast drop in pH: L. pentosus was most 
efficient taking only two days to reach a value of 
3.51, while the mixed culture after three days had 
reached 3.67 and L, mesenteroides could only go down to 
3.81 after 15 days of fermentation, despite showing the 
quickest drop after one day of fermentation (Table 28).
It may be that a longer fermentation would have 
produced a natural sauerkraut comparable to commercial 
material. It may also be true that in commercial 
production of sauerkraut although they do not 
deliberately add a starter culture, vessels can contain 
sufficient bacteria from previous batches to serve that 
purpose.
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The total titratable acidity value (Table 29) of 
the mixed culture was the only one which attained 1,7 % 
within the period sampled, and this was achieved 
between 3 and 7 days. L, pentosus (1.53 %) and L, 
mesenteroides (1.25 %) did not accomplish the minimum 
value stated for the final fermented kraut during the 
period sampled.
When L. mesenteroides was used on its own, the 
final level of acetic acid was 0.34 %, very similar to 
the value in the natural fermentation: 0,35 %; the
difference was in the lactic acid produced: 1.11 % in
the natural as opposed to 0.95 % in the batch
inoculated with L. mesenteroides (Table 30). This can 
be explained by the the presence of homofermenters in 
the natural fermentation, as part of the natural 
microflora of the cabbage.
These appear to have been supressed in the 
fermentation inoculated with L. mesenteroides as 
probably the fast drop in pH, the production of acetic 
acid and the steep rise in acidity restricted their 
growth.
In the case of the mixed culture, L. mesenteroides 
was not detectable by day 7 (Plate 1). The level of 
acetic acid (0.22 %) was rather low whereas that of 
lactic acid was high (1.54 %). This could be due to the 
production of growth factors by L. mesenteroides for L. 
pentosus resulting in an increased production of lactic 
acid by the latter, or some kind of inhibition of L. 
mesenteroides by L. pentosus* Both of these assumptions 
remain to be investigated.
L. pentosus, as expected, produced a high level of 
lactic acid (2,23 %) and very little acetic (0.12 %) 
(Table 30).
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It is clear that only the mixed culture was able 
to reach the final chemical parameters of sauerkraut 
within a short span of time, 7 days, a great saving of 
time compared with spontaneously fermented sauerkraut.
The lactic acid to acetic acid ratios were 
calculated after the 15 day-period by H.P.L.C. (Table 
31). It was seen that both L. mesenteroides and the 
mixed culture produced a ratio closer to that stated in 
the literature as found in naturally fermented 
sauerkraut: 3.4-5.0 (Pederson, 1930a; Pederson and
Albury, 1969), While L. mesenteroides did not quite 
reach this value (2.76), the mixed culture was higher 
(7.00), L. pentosus showed the highest ratio (18.58). 
The value for the control was 3.15. This reflects the 
different metabolic patterns of these lactic acid 
bacteria: L. mesenteroides is classified as a
heterofermenter and will produce acetic acid, ethanol 
and CO2 in addition to lactate (Fleming et al., 1985; 
Schleifler, 1986); L. pentosus is classified as 
facultatively heterofermentative (Kandler & Weiss,
1986) producing mainly lactic acid from hexose 
catabolism, although acetic acid is also produced from 
the fermentation of pentose sugars. The fact that the 
mixed culture reached a value over the stated range can 
be explained in that by day 15 of fermentation, L. 
pentosus has taken over, therefore increasing the 
lactic acid concentration and thus the acid ratio. When 
the ratio was calculated at day 7 for the mixed- 
culture, it was found to be lower (4.05) and within the 
range.
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The sugar levels (Table 30) indicated that the mixed 
culture was most efficient at decreasing the reducing 
sugar levels (glucose and fructose) during the 
fermentation, followed by L. pentosus, the natural 
fermentation and L. mesenteroides.
According to Fleming (1982) the presence of 
residual fermentable sugars can allow what he called 
"secondary fermentation" caused by the growth of 
spoilage yeasts. In these experiments no spoilage 
problems were found in any of the batches during the 15 
day-period sampled. On the other hand, L. mesenteroides 
was the most effective in removing the sucrose.
It is well known that L. mesenteroides produces 
dextrans from sucrose, and this was confirmed by the 
ropy texture of the sauerkraut produced using this 
organism. Ropy sauerkraut has been described previously 
and it is not considered to be a spoilage problem 
(Fleming, 1982).
Another important feature of the use of starter 
cultures is that non-lactics were not detected after 
day 1 in all three cases, whereas in the natural 
fermentation this did not happen until after day 7 
(Figure 14.a). This is important since non-desirable 
microorganisms may cause spoilage problems, so the 
earlier they are inhibited the less chance of a batch 
failure.
When organoleptic properties were compared by a 
panel of 8 testers, the mixed culture sauerkraut was 
the one which had a closer aroma and taste to a 
commercial sauerkraut ('Krakus', Warszawa, Poland). The 
kraut obtained by single culture inoculation lacked the 
appropriate aroma, being either too acidic (L. 
pentosus-inoculated kraut) or too vinegar-like (L. 
mesenteroides),
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(w/w); Natural.
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(w/w) inoculated with L. mesenteroides
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Table 28, pH values during a 15-day fermentation
of sauerkraut with 2.5 % NaCl.
days
0 1 2 3 7 15
Nat. 5.97 5.84 5.14 4.12 3.86 3.73
L . mes. 5.92 4.24 3.91 3.89 3.84 3.81
L . pent. 5.97 4.71 3.51 3.44 3.42 3.42
Mixed 5.97 4.54 3.75 3.67 3.42 3.35
Table 29, TTA values during a 15-day fermentation 
of sauerkraut with 2.5 % NaCl.
days
0 1 2 3 7 15
Nat. 0.22 0.27 0.52 0.93 1.19 1.36
L. mes. 0.16 0.88 1.08 1.11 1.21 1.25
L. pent. 0.21 0.45 0.88 0.90 1.47 1.53
Mixed 0.19 0.66 1.02 1.27 1.71 1.94
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Table 30. HPLC analysis^ of day 15 samples
corresDondinq to sauerkraut fermented with
2.5 % 
suer.
NaCl at 
glue.
20°C.
fre/mann laetie aeet
Nat. 0.42 0.60 2.11 1.11 0.35
L. mes. 0.04 1.27 2.05 0.95 0.34
L. pent. 0.77 0.83 1.46 2.23 0.12
Mixed 0.09 0.57 1.30 1.54 0.22
a all metabolites expressed as % (w/v for sugars, v/v 
for acids)
Table 31, Lactic acid to acetic acid ratio in
sauerkraut fermented at 20°C after 15 
days with 0, 1 & 2.5 % NaCl (w/w).
% NaCl (w/w)
2.5
Nat. 4.51 2,30 3.15
L. mes. 2.50 2.44 2.76
L. pent. 29.11  ^ 18.58
Mixed 2.5 4.89 7.00
a no acetic acid detected
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2 .5  % N aC l
DAY 2DAY I
2 .5  % N aC l
DAY 7DAY 3
Plate 1. MRS agar plates showing growth of L. pentosus 
and/or L. mesenteroides at days 1, 2, 3 and 7, during a 
mixed culture-inoculated cabbage fermentation with 2.5 
% NaCl at 20°C.
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III.3.3. Reduced salt cabbage fermentation (0 and 1 %
NaCl) with starter strains individually and 
in combination.
The importance of the correct salt concentration 
in sauerkraut fermentation has been emphasised 
elsewhere (Pederson, 1979). Apart from withdrawing 
water and nutrients from the vegetable tissue, it also 
inhibits the growth of undesirable microorganisms and 
delays enzymatic softening of tissue.
Salt concentration being one of the factors used 
to control fermentation, together with anaerobiosis, 
temperature and fermentation vessel, could possibly be 
modified if starter cultures were to be used in this 
process. With the growing concern nowadays about diet 
and health, it was thought to be of interest to try and 
reduce the amount of salt applied in combination with 
starter cultures.
The general pattern of acid production found at
2.5 % NaCl was repeated at 0 and 1 % NaCl. (Fig. 15 & 
16). Again L. mesenteroides initially grew fastest. 
Although at 0 and 1 % salt the target pH value of 3.7 
was reached within 7 days, the TTA did not reach the 
1.7 % value even after fifteen days of fermentation. It 
was interesting to note that by day 15 at 0 % NaCl the 
acidity was 1.57 % whereas at 1 % NaCl it was 1.38 % 
(Tables 35 & 33 respectively), having both batches a 
very similar pH: 3.72 and 3.75 respectively (Tables 34 
& 32 respectively).
L. pentosus at 0 and 1 % NaCl produced pH values 
of 3.47 and 3.45 respectively (Tables 34 & 32). But the 
rate at which this reduction took place was slower than 
in fermentations containing 2.5% NaCl. By day 2, L.
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pentosus had reduced the pH of the sauerkraut to 3.51 
at 2,5 % NaCl but it took up to 7 days to reduce it to 
a similar value at 0 and 1 % NaCl. The TTA showed a 
slower increase at 0 and 1 % NaCl than at 2.5 % NaCl 
during the first 3 days. After 15 days the non-salted 
sauerkraut showed the highest final level (1.65 %) 
(Tables 33 & 35).
The mixed culture once again proved to be best in 
regard to dropping the final pH to a lower value than 
either L. mesenteroides or L. pentosus on their own. 
Final values of 3.47 and 3.39 at 0 an 1 % NaCl
respectively were slightly higher than the value 
achieved with 2.5% NaCl (3.35). This suggests that the 
higher salt level favoured the growth of L. pentosus in 
the mixed culture fermentation. The final pH achieved 
at all three salt concentrations was lower as the salt 
concentration increased, except for the L. 
mesenteroides-inoculated sauerkraut.
Although single-inoculated kraut with L. 
mesenteroides showed an initial more rapid increase in 
TTA, by day 2 the sauerkraut inoculated with the mixed 
culture eventually had the highest acidity, reaching a 
final value of 2.05 % by day 15 at 1 % NaCl and 1.90 % 
at 0 % NaCl (Tables 33 & 35).
When the lactic/acetic ratio was calculated for 
the day 15 samples (Table 31), it was found that only 
the sauerkraut fermented at 1 % NaCl with the mixed 
starter culture had a value (4.9) which fell within the 
range expected for good quality kraut: 3.5-5.0. The 
rest of the batches had too much acetic acid as shown 
by ratio values of 2.60 and 2.44 (for L. mesenteroides 
at 0 and 1 % NaCl respectively) or too much lactic
172
acid. A ratio of 29.11 was found for L. pentosus- 
inoculated sauerkraut at 0% NaCl whilst no acetic acid 
was detected at all at 1% NaCl,
The final levels of sugars found at 1% NaCl 
(Table 36) closely resembled those found at 2.5% NaCl 
(Table 30) in the case of L. pentosus^ but this was not 
the case at 0% NaCl (Table 37), reflecting the impact 
salt concentration has on metabolism.
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Table 32. pH values during a 15-day fermentation of
sauerkraut with 1 % NaCl.
days
0 1 2 3 7 15
Nat. 5.97 5.02 5.53 4.08 3.80 3.79
L . mes. 5.92 4.10 3.88 3.81 3.75 3.75
L. pent. 5.92 5.22 4.00 3.72 3.52 3.45
Mixed 5.92 4.22 3.78 3.73 3.56 3.39
Table 33. TTA values during a 15-day fermentation of 
sauerkraut with 1 % NaCl.
days
0 1 2 3 7 15
Nat. 0.16 0.23 0.48 0.83 1.57 1.50
L. mes. 0.16 1.01 1.18 1.30 1.38 1.38
L . pent. 0.16 0.37 0.72 0.98 1.44 1.63
Mixed 0.16 0.78 1.33 1.40 1.71 2.05
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Table 34. pH values during a 15-day fermentation of
sauerkraut with 0 % NaCl.
days
0 1 2 3 7 15
Nat. 5.97 6.06 5.99 5.86 4.35 4.34
L. mes. 5.92 4.14 3.90 3.82 3.74 3.72
L. pent. 5.92 5.85 4.62 3.93 3.55 3.47
Mixed 5.97 4.28 3.85 3.72 3.55 3.47
Table 35. TTA values during a 15-day fermentation of
sauerkraut with 0 NaCl.
days
0 1 2 3 7 15
Nat. 0.23 0.23 0.31 0.42 0.85 0.99
L. mes. 0.16 0.97 1.26 1.33 1.40 1.57
L . pent. 0.16 0.25 0.41 0.85 1.52 1.66
Mixed 0.18 0.73 1.25 1.43 1.70 1.90
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Table 36. HPLC analysis^ of day 15 samples
from sauerkraut fermented
with 1 % NaCl at 20°C.
suer glue fre/mann lactie aeet
Nat.
L. mes. 
L. pent. 
Mixed
N.A.
0.03
0.70
0.36
0.66
0.59
0.74
0.63
1.90
2.16
1.41
1.21
0.99
1.10
2.51
1.86
0.43
0.45
N.A.
0.38
N.A. = Not Available
Table 37. HPLC analysis^ of day 15 samples
corresponding to sauerkraut fermented 
with 0 % NaCl at 20°C.
suer glue fre/mann laetie aeet
Nat.
L. mes. 
L . pent 
Mixed
N.A.
0.34
0.39
N.A.
0.05
1.05
0.06
0.25
0.12
2.47
0.68
1.05
0.90
1.30
2.62
0.80
0.20
0.50
0.09
0.35
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1 % NaCl
DAY 1 DAY a
1 % NaCl
Plate 2. MRS agar plates showing growth of L. pentosus 
and/or L. mes entera Ides at days ^  7 and 15, during 
a mixed culture-inoculated cabbage fermentation with 1 
% NaCl at 20°C.
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0 % NaCl
DAV3DAY 1
*, NaCl
day  15DAY 7
Plate 3, MRS agar plates showing growth of L. pentosus 
and/or L. mesenteroides at days ^  7 and 15, during 
a mixed culture-inoculated cabbage fermentation with no 
salt added (0 % NaCl) at 20°C.
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III.3.4. Statistical comparison of sauerkraut
fermentations at 0, 1 and 2.5 % NaCl (w/w).
When comparing the values at day 15 of 
fermentation among the three salt concentrations used, 
by means of the t-Test, the following results were 
obtained:
1. pH.
There was no significant (P<0.5) difference 
when the average pH values of the natural fermentations 
were compared to average values for single culture 
inoculated batches.
Mixed culture inoculated batches did however have 
significantly lower pH values (P<0.05) than natural 
fermentations. L. mesenteroides-Inoculated sauerkraut 
had a significantly higher pH (P<0.01) than both the 
L. pentosus and the mixed-culture sauerkrauts.
No significant difference was found when comparing 
L.pentosus-inoculated kraut and the mixed-culture one.
2. Total Acidity.
Again no significant difference was found 
when comparing the two single cultures to the naturally 
fermented sauerkraut, but the mixed culture compared to 
the natural one had a significantly higher value 
(P<0.01).
No significant difference was found when comparing 
both single cultures to each other but when each of 
them was compared separately to the mixed culture the 
differences were highly significant (P<0.01), in both 
cases lower than the total acidity for the mixed 
culture.
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Table 38. pH data corresponding to day 15 sauerkraut 
fermentation samples used for statistical 
comparisons
salt concentration (w/w)
0% 1% 2.5%
Natural 4.34 3.84 3.80
3.74 3.88
3.52
L. mesenterold.es 3.72 3.75 3.81
L. pentosus 3.47 3.45 3.42
Mixed culture 3.47 3.40 3.27
3.47 3.35
3.31 3.42
Table 39. TTA (% as lactate) data corresponding
15 sauerkraut fermentation samples us
statistical comparisons.
salt concentration (w/w)
0% 1% 2.5%
Natural 0.99 1.39 1.16
1.61 1.28
1.65
L . mesenteroides 1.57 1.38 1.25
L. pentosus 1.65 1.63 1.53
Mixed culture 1.90 2.00 2.00
day
for
2.10 1.90
2.05 1.92
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The apparent disparity between the pH results and 
the TTA results when the two single culture inocula are 
compared is a result of their different fermentation 
pathways.
When pH is measured, what is measured is the 
concentration of protons in solution, therefore the 
final value will depend on the strength of the acid 
present. In the case of L. pentosus^ it produces almost 
only lactic acid, but when L. mesenteroides is used a 
mixture of acetic acid and lactic acid is 
produced. Acetic acid being a weaker acid than lactic 
acid (pKa=4.76 cf. pKa=3.85) it will contribute less to 
the final pH value at day 15 of fermentation. Because 
less lactic acid is produced by the heterofermenter the 
final pH was statistically significantly higher than 
that obtained with L. pentosus.
On the other hand, when Total Acidity is measured, 
all the acid present, regardless whether is dissociated 
or undissociated, is taken into account. Although L. 
pentosus will obviously produce more lactic acid than 
L. mesenteroidesf the latter will also produce acetic 
acid, and the total amount of both will add up to a 
similar level to that of the lactic acid produced by L. 
pentosus. Therefore the difference in TTA is 
statistically not significant.
3. Lactic acid to acetic acid ratio.
When comparing the natural and the mixed 
culture fermentations at 2.5 % NaCl, the ratio was 
significantly higher (P<0.05) for the mixed culture.
Also when comparing the mixed culture fermentation 
at 1 % NaCl with the natural fermentation at 2.5 % 
NaCl, the former was significantly higher (P<0.05) than 
the latter.
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The mixed culture fermentation was compared at 1 
and 2.5 % NaCl and no significant difference was found. 
However, it can be seen from the results (Table 37) 
that the values found at 1 % NaCl fell within the range 
of 3.5 to 5.0, whereas at 2.5 % only one of the average 
values fell within this margin, and, at 2.5 %, the 
standard deviation (1.24) was nearly twice of that at 
1 % (0.73).
Table 40. Lactic to acetic acid ratios in sauerkraut
fermentations after 15 days.
salt concentration (w/w)
0% 1% 2.5%
Natural 4.51 3.08 2.00
1.84 3.23
3.08
L. mesenteroides 2.59 2.46 2.76
L. pentosus 30.11 2.51/0 18.58
Mixed culture 2.30 5.60 4.70
4.98 5. 50
4.14 7.14
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III.3.5. Extended sauerkraut fermentation following a 
natural and a mixed starter culture 
inoculation.
On one occasion, three different fermentations 
were allowed to proceed for up to 42 days, in order to 
study any possible alterations that might have occured 
by leaving the fermentation to proceed longer than the 
15-day period used in previous experiments.
A natural fermentation at 2.5% NaCl was used as a 
control comparable to current commercial practice. The 
mixed culture at 1% NaCl was used as this appeared most 
promising from previous results. The 1% NaCl natural 
fermentation was included as a further control to 
eliminate differences between the two previous batches 
due to salt concentration.
The results obtained are shown in Figures 17 a, b 
and c. The conclusions that can be drawn from this
experiment are as follows:
1.) Sugar Utilisation.
Glucose disappeared nearly completely at 2.5 
% in the natural fermentation, whereas at 1 % NaCl, 
both the natural and the mixed fermentations only 
reduced it to 1/3 of its initial concentration after 42 
days of fermentation.
Sucrose was completely exhausted after 2 weeks in 
the natural fermentation at 1 % NaCl, but it took over 
3 weeks for the mixed fermentation and the natural 
fermentation at 2.5 % NaCl to metabolise it completely.
The fructose/mannitol fraction showed variable 
decreases and increases, due to te sucrose hydrolysis 
and the action of L. mesenteroides which reduces 
fructose to mannitol with a concomitant production of
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acetic acid. Although the final amount of this fraction 
seemed to be very similar to the initial value for 
fructose, the 3 fermentations could be arranged in 
decreasing order of effectiveness in lowering the 
fructose fraction: the natural fermentation at 2.5 % 
NaCl, the natural fermentation at 1 % NaCl and the 
mixed fermentation at 1 % NaCl.
2.) Acid Production.
Highest levels of lactic acid were produced 
in the mixed fermentation, as discussed earlier, 
followed by the natural fermentation at 2.5 % NaCl and 
finally the natural fermentation at 1 % NaCl. More 
importantly, these values reached at days 15, 21 and 15 
respectively, seemed to remain constant after 6 weeks.
Acetic acid attained a peak in both natural 
fermentations, although much faster at 1 % NaCl than at
2.5 % NaCl. In the case of the mixed fermentation, the 
highest value was registered after the 42-day period 
was completed.
The lactic to acetic acid ratio showed an 
interesting development throughout the 3 fermentations 
(Table 41). The natural fermentation at 2.5 % NaCl took 
up to 3 weeks to reach a value close enough to that 
stated in the literature as the one corresponding to a 
good quality sauerkraut (3.5-5.0, Pederson & Albury, 
1969). This was to be expected though. In the 1 % NaCl 
natural fermentation this range was never reached. The 
mixed starter culture showed the most consistent and 
better ratio from as early as day 7 of fermentation.
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Some butyric acid was detected in the natural 
fermentation at 1 % NaCl and a lower amount was 
detected too in the 2.5 % NaCl natural fermentation. 
None was detected when the mixed starter culture was 
used.
3.) Ethanol.
Ethanol was detected up to a level of 0.27% 
in both natural fermentations, but after only 2 weeks 
in the 1 % NaCl batch and 3 weeks at 2.5 % NaCl. In the 
mixed fermentation only 0.06% was detected, and this 
occurred after 15 days of fermentation.
Table 41. Lactic acid to acetic acid ratios in a 42-day 
fermentation of sauerkraut.
days
Natural 2.5 % Natural 1% Mixed 2.5%
0 0 0 0
1 0 0 2.96
2 6.35 2.77 2.40
3 2.28 2.37 2.77
7 2.16 0.93 4.05
15 3.08 1.84 4.14
21 3.33 1.88 4.08
42 3.08 1.93 3.94
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To conclude, although the chemical profiles found 
when using a mixed starter culture of L. pentosus and 
L. mesenteroides and a natural fermentation are not 
identical, a more consistent pattern is obtained each 
time the mixed starter was used.
Again, looking at the lactic to acetic acid ratio, 
the mixed starter provided a better value, more in 
accordance to what is considered characteristic of a 
good quality sauerkraut, than other starter cultures 
used.
It is suggested here that the use of a mixed 
starter culture composed of the heterofermenter L. 
mesenteroides and the homofermenter L. pentosus results 
in a standardisation in the production of sauerkraut, 
with a concomitant reduction in fermentation time, from 
the 3 to 4 weeks normally taken in a spontaneous 
natural fermentation down to only 7 days.
An additional improvement is in the reduction of 
salt used, as a 1 % NaCl (w/w) level seemed to produce 
a sauerkraut with very similar organoleptic 
characteristics to that of the naturally fermented one.
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Figure 17.a. HPLC analysis of extended sauerkraut
fermentation: Natural at 2.5 % NaCl.
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III.3.6. Different ratios of L. pentosus and L.
mesenteroides for sauerkraut fermentation.
An experiment was set up in order to determine 
whether a variation in the proportions of L. pentosus 
and L. mesenteroides in the mixed starter culture 
would have any influence when inoculated to shredded 
cabbage to obtain sauerkraut. It was decided to alter 
the number of L. pentosus rather than that of L. 
mesenteroides because of the succession that occurs in 
natural fermentations where the former begins the 
process whereas the latter normally ends it.
As expected, the 6:6 mixture (10^ cfu/g of each 
isolate in the inocula) reached the lowest pH (3.33) 
and the highest acidity (2.02%, as lactate) after 15 
days of fermentation, due to a greater presence of 
lactic acid bacteria right from the beginning of the 
fermentation. pH values of 3.50 and 3.63 and acidities 
of 1.72% and 1.41% were obtained for the 6:4 (10^ cfu/g 
L, mesenteroides and 10"^  cfu/g L. pentosus) and the 6:2 
(10^ cfu/g L. mesenteroides and 10^ cfu/g L. 
pentosus) mixtures respectively. When the lactic to 
acetic acid ratio were compared, it was found that 
while the 6:6 mixture gave a value of 4.98 (within the 
range stated by Pederson as that for a good quality 
kraut), the other two mixtures rendered both a value of 
2,97. This was as a result of the lower initial number 
of the homofermenter L. plantarum, thus less lactic 
acid being produced, as well as the longer survival of 
the heterofermenter L. mesenteroides in the system as 
shown by the differential counting on MRS agar plates. 
Again the 6:6 mixture was the most effective in 
removing reducing sugars from the system. Therefore it 
was concluded that the 6:6 ratio gave a closest 
resemblance to naturally fermented sauerkraut.
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III.4. INVESTIGATION OF INTERACTIONS BETWEEN
pentosus AND L. mesenteroides,
A series of experiments were set up in order to 
determine the reasons why the succession found in the 
cabbage fermentations occurred. The effect of external 
pH and the production of bacteriocins by the two 
potential starters selected, against each other, were 
studied.
III.4.1. pH effect on growth.
L. pentosus and L. mesenteroides were grown 
separately and in combination in acetate-free MRS broth 
at different initial pH values in a range from 6.0 to
3.5, at 20°C microaerophilically (Figure 19).
L. pentosus was affected by an initial pH value of
4.0 when grown as part of the mixed culture, but its 
growth was not affected until the initial external pH 
was 3.5 when grown on its own. Therefore it can be 
assumed that the bacteriostatic pH value for L. 
pentosus lies in the region between pH 4.44 and 3.97, 
when part of the mixed culture, while within the region
3.97 to 3.49 lies the bacteriostatic pH for L. pentosus 
when present as a single culture. The bactericidal pH 
value is below 3.49.
L. mesenteroides's growth was inhibited by an 
initial pH value of 4.5 in the mixed culture, and pH
3.97 in the case of the single culture. Thus it can be 
said that between pH 4.92 and 4.44 is the value which 
will inhibit growth of L. mesenteroides if grown 
together with L. pentosus while this value is in the 
region 4.4-3.97 for Leuconostoc mesenteroides grown on
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its own. When the initial pH was 3,49, no growth 
occurred in either case, so it can be assumed that 
somewhere between pH 3.97 and 3.49 lies the value which 
inhibits growth of Leuconostoc mesenteroldes.
These results compare well with those recently 
obtained by McDonald et al. (1990), in which they found 
that L. plantarum (L, pentosus being considered a 
biotype of L. plantarum) can grow to an external pH of 
3.0. On the other hand, they found that Leuconostoc 
mesenteroldes could grow well to an external pH of 4.0 
when acetate was the acidulant used but only down to pH
5.0 when lactate was used. This, according to McDonald 
and coworkers, is due to lactic acid being more 
effective than acetic acid in decreasing the internal 
pH of L. mesenteroldes f thus supporting a role for 
anion inhibition or for a specific target which lactic 
acid may attack. In their experiments, the 
undissociated acetic acid concentration was higher than 
that of lactic acid. In the experiments here described, 
as mentioned earlier, L. mesenteroldes could grow down 
to a pH of 4.44, but this was the case of the mixed 
culture. On its own, below 4.92 only survival occurred.
In vegetable fermentations, the lactic acid 
produced from the beginning of the fermentation may 
be responsible for the elimination of L. mesenteroldes.
Since glucose was the only carbohydrate present in 
the medium and the initial pH of the medium was 
adjusted using lactic acid, there is likely to be 
little acetic acid present in such cultures. It is 
therefore reasonable to assume that the inhibition is 
caused by lactic acid, with little effect from acetic 
acid. So the boundaries traced are to be taken as those 
when lactic acid is the only organic acid present. In a 
fruit or vegetable fermentation, the presence of
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fructose in the commodity will allow the production of 
acetic acid, therefore these boundaries could be 
different.
It is worth noting that L. mesenteroldes grew 
better as part of the mixed culture than when on its 
own, down to a pH of 4.92, as from which the reverse 
happens. For L. pentosus, the opposite happens, at the 
same pH boundaries. Nevertheless, at all pH values, 
always the drop in pH was greater in the mixed culture 
than in the single cultures. This could not be 
accounted for by a higher number of bacteria present, 
which was not always the case in the mixed culture. It 
rather seemed originated by a synergistic effect on 
acid production when both lactics were grown together, 
as described earlier in the sauerkraut fermentations.
The implication of these results in fruit and 
vegetable fermentations is that a mixed starter 
culture, composed of the heterofermenter L. 
mesenteroldes and the homofermenter L. pentosus, could 
decrease the pH of the system faster and to a final 
lower value than either of the microorganisms used on 
its own. The buffering capacity of the particular 
commodity will actually determine the succession from a 
L. mesenteroldes growth to a predominance of L. 
pentosus.
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Table 42. Increments in log cfu/ml cycles and pH 
values after 24 hours' growth of L. pentosus and L. 
mesenteroldes, both as single (s ) and as a mixed 
culture (m), in acetate-free MRS broth.
Ini- £>. p e n to su s lu _ m e se n te ro ld e s
tial
pH
log cfu/ml pH log cfu/ml pH
s 2.52 1.45 2.69 1.41
6.00
m 2.36 1.61 3.08 1.61
s 2.24 0.85 2.69 0.86
5.35
m 2.06 1.07 2.90 1.07
s 1.92 0.22 2.38 0.22
4.92
m 1.86 0.42 2.26 0.42
s 0.89 -0.17 0.99 -0.21
4.44
m 0.56 0.11 -0.41 0.11
s 0.08 -0.23 -0.34 —0.26
3.97
m -6.06 -0.08 -5.51 -0.08
s -0.11 -0.27 -6.49 -0.34
3.49
m -0.30 —0.26 -6.19 -0.26
* values are calculated relative to initial value 
recorded; negative pH indicates an increase in pH 
while a negative log cfu/ml cycle indicates a decline 
in microbial population.
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Plate 4. Effect of an initial pH 4.5 on growth of L. 
pentosus, L. mesenteroldes and the mixed culture on MRS 
agar plates, after 3 days at 30°C microaerophilically.
(It should read L. pentosus instead of L. plantarum.)
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Mixed culture
Plate 5. Effect of an initial pH 3.5 on growth of L. 
pentosus, L. mesenteroides and the mixed culture on MRS 
agar plates, after 3 days at 30°C microaerophilically.
(It should read L. pentosus instead of L. plantarum.)
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III.4.2. Bacteriocin production.
Several lactic acid bacteria related to fruit and 
vegetable fermentations possess bacteriocins, such as 
L. pentosus (Andersson, 1986; Daeschel et al., 1986) 
and Pedlococcus pentosaceus (Etchells et al., 1964; 
Fleming et al., 1975). In some cases, the bacteriocin- 
producing activity seems to be plasmid-borne (Daeschel 
& Klaenhammer, 1985).
It would be of interest to isolate strains of L. 
pentosus and L. mesenteroides from natural 
fermentations of sauerkaut in order to check for 
bacteriocin-producing activity as this inhibitory 
property may be useful if possessed by a strain with 
superior fermentation characteristics in order to 
achieve dominance over the competing natural flora.
Neither L. pentosus Vege-Start60 nor L. 
mesenteroides ATCC 8293 were found to produce 
bacteriocin activity against each other. Therefore 
bacteriocins appear to play no role in the observed 
microbial sequence in this fermentation.
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III.5. LISTERIA MONOCYTOGENES SURVIVAL IN FERMENTING 
SAUERKRAUT.
The foodborne pathogen Listeria monocytogenes is 
widely distributed and has been isolated from 
vegetation and fresh market products several
occasions (Heisick et al., 1989; Welshimer, 1968). Only 
on one occasion it has been associated with a food 
intoxication outbreak linked to a vegetable-based 
product, i.e. coleslaw (Schleck et al., 1983).
Recent work indicates that L. monocytogenes is 
more acid tolerant than most foodborne pathogens and 
can grow and survive in broth media with pH values as 
low as 4,5-5.2 (see I ta & Hutkins, 1991). Fuchs & 
Sirvas (1991) isolated listeria from fish products at 
pH 4.4. The lowest pH at which growth of Listeria 
monocytogenes has been recorded in a non-food system is 
4.39, in trypticase soy broth adjusted with HCl and 
incubated at 30°C (George et al., 1988). On the other 
hand. Listeria monocytogenes has been shown to survive 
under acidic conditions, i.e. pH 3.6 (adjusted with 
HCl) for a short period of time (Parish & Higgins, 
1989). In vegetable products, the lowest pH recorded 
for growth of Listeria monocytogenes has been pH 5.0, 
when lactic acid was used to adjust the pH of 
unclarified cabbage juice (Conner et al., 1986).
When Listeria monocytogenes was inoculated to a 
level of 10^ cfu/g into three sauerkrauts, i.e. no 
starter added, L. pentosus-Inoculated  and mixed 
culture-inoculated. Listeria monocytogenes disappeared 
earlier in the inoculated fermentations (at 7 days no 
counts were obtained) than in the natural fermentation 
(it took up to 15 days not to find any counts). The pH 
value for the natural fermentation at day 7 was
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3.80, 3.44 for the mixed culture and finally 3.39 for 
the L. pentosus-inoculated kraut. 'Total acid values of 
1 %, 1.60 % and 1.30 % were found for the above batches 
respectively. The mixed culture once again reached the 
highest acidity value despite being the L . plantarum- 
inoculated kraut the one which attained a lower pH 
value. This can again be explained by the different 
metabolic pathways followed in sugar catabolism by the 
two lactics used.
Although no distinction was made towards which of 
the two potential starters was most effective in 
inhibiting Listeria monocytogenes, several reports 
describe acetic acid as being more inhibitory towards 
L. monocytogenes than lactic acid (Ahamad & Marth, 
1989, 1990; Farber et al., 1989; Sorrells et al.,
1989).
Ita Sc Hutkins (1991) suggest this phenomenon is 
due to specific effects of the undissociated acid 
species on metabolic or other physiological activities 
rather than to a decrease in the intracellular pH 
(pHin), as lactic acid was shown to be more effective 
in lowering the of L, monocytogenes than acetic
acid.
Therefore it may be expected that the mixed culture 
starter will be more effective in inhibiting L. 
monocytogenes than the L. pentosus starter, due to the 
production of acetic acid by the former.
Other factors have been shown to inhibit Listeria 
monocytogenes. Specific inhibitory compounds (mineral 
oils, anthocyanins), so abundantly present in many 
fruits and vegetables (Skovgaard, 1984), may inhibit L. 
monocytogenes, as demonstrated by Bahk et al. (1990) 
for onions. Bacteriocins against L. monocytogenes 
produced by certain lactic acid bacteria have been 
described (Harding & Shaw, 1990)
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These findings emphasise the advantage of using 
starter cultures in sauerkraut production, as possible 
food pathogens will be undoubtedly eliminated sooner 
due to the quicker drop in pH and the fast rise in 
acidity as a result of the addition of lactic acid 
bacteria.
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CONCLUSIONS.
The fermentation of cabbage into saurekraut was successfully achieved by the use of a mixed culture of 
Lactobacillus pentosus Vege-Start 60 and Leuconostoc 
mesenteroides subsp. mesenteroides ATCC 8293, inoculated at a level of 10^ onto shredded
cabbage in the presence of the natural ml"cré^riorT?f reduction of the salt level applied from 2.25% NaCl w/w, used commercially, to 1.0 % NaCl w/w resulted in a decrease in time needed to obtain a sauerkraut satisfactory in taste, smell and texture, seven days as opposed to the 3-4 weeks currently used in industry.
. production synergy seemed to occur whenis mixed culture was used. The reasons for the succession observed in natural fermentations are ascribable to the effect of pH on the growth of the bacteria rather than to bacteriocin production.
Fermentation with starter cultures was shown to be more effective in killing Listeria monocytogenes than the natural fermentation.
Substantial benefits have been shown by the use of starter cultures in these fermentations, reducing process time and improving safety of product.
The presence of higher amounts of acetic acid produced by the heterofermenter present in the starter as well as a faster drop in pH eliminates sooner the spoilage and pathogenic microorganisms present in the raw product.
Another advantage would be the use of lower amounts of salt, with the concomitant health and environmental benefits.
In the fermentation of carrots a different patterno that in sauerkraut was observed. Leuconostoc
mesenteroides showed a predominant role in both naturaland inoculated batches, with homofermenters not playingany apparent role. Product palatability was not assessed.
This shows the necessity to develop appropriate starter cultures for specific fruit and vegetables.
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